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Abstract 
 
Collectively, this research deals with the nature of hydrothermal systems around mafic to 
intermediate intrusions, with implications for understanding the Sudbury structure 
hydrothermal system and the genesis of the Ferguson Lake Ni-Cu-Co-PGE 
mineralization. 
 
New isotopic and chemical data on hydrothermal mineral from the Sudbury structure 
(Ontario) provide insights into the overall hydrothermal architecture of the structure. 
Early, blocky miarolitic epidote from the Sudbury Igneous Complex (SIC) has a narrow 
range of 87Sr/86Sr ratios (0.7071 to 0.7074), similar to the SIC (~0.7064 to 0.7073), and is 
consistent with precipitation from orthomagmatic fluids derived from the SIC. The 
87Sr/86Sr ratios of later, SIC-hosted miarolitic replacement and vein epidote, and of 
Onaping Formation-hosted replacement and amygdule epidote, are distinctly higher (up 
to 0.7148), and are interpreted to represent basement-derived fluids. Differences in the 
Eu/Eu* and ∑REE between the blocky epidote and late epidote, indicate mixing between 
these two end-members, and that orthomagmatic fluids possibly circulated in the Onaping 
Formation. The usefulness of the REE systematics of epidote as a proxy for fluid 
chemistry is illustrated. 
 
The 87Sr/86Sr and REE composition of syngentic Vermilion Formation calcite suggest 
precipitation from Proterozoic seawater (~0.7030). More radiogenic Vermilion 
Formation-related syngenetic and epigenetic calcite, with high Y/Dy ratios, precipitated 
from modified seawater. Onaping Formation-hosted replacement and amygdule calcite 
also involved mixing between seawater and basement-derived fluids. A fluid connection 
between the footwall and hanging wall of the SIC was established. 
 
Water-rock interaction in the Ferguson Lake Ni-Cu-Co-PGE deposit (Nunavut) is 
manifested as widespread, post-metamorphic epidote-chlorite-calcite veins and 
replacement zones that contain sulfides and platinum group minerals (PGM) (mostly Pd-
bismuthtellurides). The PGM that occur in magmatic massive and interstitial sulfides, are 
v 
 
 
 
Bi-rich, and are interpreted to have formed through exsolution at < 600 °C. The PGM that 
occur in late-stage hydrothermal sulfide/silicate veins and their epidote-chlorite halos tend 
to be more Te-rich than the magmatic, Bi-rich PGM. The chemistry and textural setting of 
the PGM support a model that links the magmatic and hydrothermal end-members of the 
sulfide-PGM mineralization. Accordingly, primary magmatic sulfide-PGM mineralization 
was modified by post-metamorphic water-rock interaction.  
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CHAPTER 1 
General Introduction 
 
1.1 Background  
 
Alteration mineral assemblages that result from interaction between aqueous solutions 
(e.g., metamorphic or orthomagmatic fluids, or seawater) and rocks in the Earth’s crust 
provide information on the nature of the hydrothermal system and the physicochemical 
properties of the fluids from which they formed (e.g., Barnes, 1997; Campbell and 
Larson, 1998). Around cooling intrusions, circulating fluids carry metals and ions that can 
be derived from both the crystallizing magma and the pore fluids in the surrounding 
country rocks (Faure and Mensing, 2005). Exsolution of orthomagmatic fluids from felsic 
magmas is common, however, magmatic fluids may also be exsolved from mafic 
magmas, although in lower proportions (i.e., mass fractions)(Robb, 2005). Metals in 
solution may precipitate as new phases in open fractures and cavities, replace pre-existing 
minerals in the rocks adjacent to channelways, and may form new ore deposits or modify 
existing ores (Faure and Mensing, 2005; Robb, 2005; Winter, 2001; Barrie et al., 2002). It 
follows that the chemistry of the hydrothermal minerals that have precipitated from these 
fluids, also reflect the chemical signature of the source fluids (Reed, 1997). However, if 
during fluid-rock interaction equilibrium was only partially achieved, or if it was not 
achieved at all, an analogy between the chemistry of a hydrothermal minerals and their 
source fluid is inappropriate (McNutt, 1989; Richards and Noble, 1998). 
 
Water-rock interaction has been studied in fossil hydrothermal systems (e.g., epithermal 
deposits), active continental geothermal systems (e.g. Browne, 1978; Browne, 1998; 
Simmons and Browne, 2000; Reyes et al., 2003; Bird and Spieler 2004; Arnórsson et al., 
2007; Wood, 2002), and submarine geothermal systems (e.g., Seyfried, 1987; Humphris 
et al., 1995; Wood, 2002). Unlike modern hydrothermal systems, in ancient hydrothermal 
systems the fluids responsible for mineral precipitation are no longer available, except for 
those present as fluid inclusions. The temperature, pressure, composition, origin of 
mineralizing fluids and overall genesis of mineral deposits have been the focus of many 
2 
 
 
fluid inclusion studies (Roedder, 1984; Roedder and Bodnar, 1997; Shepherd and Rankin, 
1998; Wilkinson, 2001).  Phase equilibria can be used to constrain the composition of 
hydrothermal fluids, based on thermodynamic calculations that account for the 
composition of the minerals in equilibrium with the fluid (Anderson, 1996; Wood, 1998; 
Simmons and Browne, 2000). As an alternative to the direct analysis of hydrothermal 
fluids, the major and trace element chemistry of hydrothermal minerals can be used as 
proxies for the fluids from which they precipitated. Therefore characterizing the major, 
trace and isotopic composition of such minerals helps to reconstruct the nature of 
hydrothermal systems (e.g. Banks, et al 1994; Audétat et al., 2008; Hanley and Bray, 
2009). 
 
The majority of geochemical studies, including mineralogical and isotopic changes, that 
result from fluid-rock interaction have been carried out using whole-rock, mineral 
separation or electron microprobe and Scannig Electron Microscopy analyses. However, 
bulk approaches provide mixed signals between the original and alteration mineralogy, 
and may incorporate signals of diverse alteration events that may have formed from 
different fluids at different times. Electron microprobe analyses generally only provide 
data on the major element composition of the minerals analyzed. In contrast, Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) has become a 
well-established analytical method for in situ determination of a wide range of major and 
trace elements, combining high spatial resolution with low detection limits (Sylvester, 
2001, 2008), and is also now expanding into in situ isotopic analysis (Sylvester, 2001, 
2008).   
1.2 Scope of This Study 
 
The research presented in this dissertation uses the elemental and isotopic composition of 
a variety of hydrothermal minerals (epidote, K-feldspar, calcite, and platinum group 
minerals (PGM)), determined using traditional microbeam methods (i.e., Wavelength 
Dispersive Spectrometry [WDS] and Energy Dispersive Spectrometry [EDS]) and more 
importantly, LA-ICP-MS, to understand the nature of water-rock interaction and 
mineralization around two mafic-intermediate intrusions. The first is the Sudbury Igneous 
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Complex (SIC), which forms part of the Sudbury Structure in Ontario, Canada (Chapters 
2 and 3).  This is a Proterozoic meteorite impact structure (Krogh et al., 1984; Corfu and 
Lightfoot, 1996; Deutsch et al., 1995; Grieve and Therriault, 2000) that comprises the 
~2.5 km thick Sudbury Igneous Complex, which is overlain by breccias of the 1.4 km 
thick Onaping Formation, and by a sequence of post-impact sediments (Vermilion, 
Onwatin and Chelmsford formations) (Ames et al., 2006, 2008).  The SIC is a layered 
mafic-intermediate crustal melt sheet that includes, from base to top, the contact sub-
layer, mafic and felsic norites, quartz-gabbro, and granophyre (Therriault et al., 2002).  
The Sudbury structure is characterized by the occurrence of world class Ni-Cu-PGE 
mineralization at its footwall, and by Zn-Pb-Cu mineralization within the Onaping and 
Vermilion formations above the intrusion (e.g., Ames and Farrow, 2007). 
 
The second case study involves a metamorphosed Archean gabbroic intrusion that is part 
of the informally-named Ferguson Lake Intrusive Complex in Nunavut, Canada (Chapter 
4). This intrusion contains important resources of Ni-Cu-PGE in two different styles of 
mineralization (Carter, 2006; Miller, 2007). The first style consists of massive to semi-
massive sulfides located towards the hanging wall of the meta-gabbro (Nicholson, 2007), 
and the second is a low-sulphide PGE-rich style that is found about 30 to 50 meters 
vertically below the main massive sulfides (Nicholson, 2007).  
1.2.1 The Sudbury Structure Case Study (Chapters 2 and 3) 
 
In the Sudbury Structure, geochemical, mineralogical, and geological evidence suggests 
that hydrothermal fluid circulation has been significant both below and above the 
Sudbury igneous complex (e.g., Molnár and Watkinson, 2001; Ames et al., 1998; Farrow 
and Watkinson, 1999; Ames et al., 2006). The hanging wall sequence to the Sudbury 
Igneous Complex (SIC) represents a large, well-exposed and well-mapped paleo-
hydrothermal system underlain by a large melt sheet (i.e., the SIC), in which it has been 
hypothesized that regionally-extensive alteration and local base-metal mineralization 
resulted from interaction of a seawater-dominated fluid originating in the intra-crater 
basin above the SIC, and late-stage, hotter fluids, potentially enriched in a magmatic 
component from the SIC (Farrow and Lightfoot, 2002; Ames et al., 2002; Ames at al., 
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2006).  The presence of miarolitic cavities (epidote-quartz-K-feldspar-chlorite-biotite) 
and mineralogically similar veins, and of pegmatitic/aplitic dikes in the upper part of the 
SIC have been interpreted to be the result of the circulation of late-stage aqueous fluids 
and degassing during crystallization of the SIC (Ames at al., 2001; Ames, 2002). Similar 
miarolitic cavities and veins were also observed in the Onaping Intrusion that lies directly 
above the SIC, and in the breccias in the footwall of the SIC. As the Onaping Formation 
overlies the SIC, it has been suggested that orthomagmatic fluids derived from the SIC 
may have circulated through the Onaping Formation (Ames, 1999; Ames et al., 2001). 
 
The main hypotheses to be tested in the Sudbury study are as follows. 1) That late-stage 
orthomagmatic fluids exsolved during crystallization and cooling of the SIC, now 
represented by miarolitic cavities and veins that occur throughout the SIC;  2) That these 
fluids migrated upwards, reaching the overlying Onaping/Vermilion hydrothermal sub-
system (Ames, 1999; Ames et al., 2001), where they mixed with downward-convecting 
seawater, causing various types of alteration (involving epidote, calcite, silica, chlorite, 
K-feldspar, albite), as well as base metal mineralization in both the Onaping and 
Vermilion formations (Ames, 1999; Ames et al., 2001). 3) That a hydrological connection 
existed between the footwall and hanging wall environments of the SIC, where fluids 
generated during crystallization of the SIC migrated along syn-crystallization structures 
such as felsic pegmatite and granophyric dikes and sills, connecting the noritic and 
granophyric units of the complex (Galley et al., 2002), and/or basement-derived fluids 
migrated upwards through the SIC (Farrow and Watkinson, 1999).  
 
These hypotheses are tested in Chapter 2 using new 87Sr/86Sr isotope data from a variety 
of hydrothermal phases in the Sudbury Structure, as determined by femtosecond LA-MC-
ICP-MS analysis.  The minerals analyzed comprise miarolitic and vein epidote, 
replacement and amygdule epidote and calcite from the Onaping Formation, syngenetic 
and epigenetic calcite from the Vermilion Formation, and carbonate concretions from the 
Chelmsford Formation.  These are compared with published isotopic data on potential 
fluid reservoirs that are thougth to have been present in and around the Sudbury Structure. 
Preliminary fluid inclusion data of selected samples are also provided to constraint the 
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trapping conditions of the circulating fluids from which vein epidote in the SIC 
precipitated.  
 
In Chapter 3, the major and trace element composition of representative hydrothermal 
alteration minerals (epidote, alkali feldspar, and calcite) from different locations and at 
different levels within the Sudbury structure (footwall, SIC, Onaping and Vermilion 
formations), determined using EMPA and LA-ICP-MS, are presented.  These are used to 
further test the above models and to examine the role of various postulated fluids in the 
hydrothermal system in the context of the constraints imposed by the Sr isotopic data.  
This chapter also examines the usefulness of major and trace element chemistry, most 
notably the REE systematics, of hydrothermal epidote, K-feldspar and calcite, as 
indicators of fluid chemistry. 
 
Overall, these studies provide new insights into the origin of the hydrothermal fluids that 
circulated through and around the SIC. These studies are also significant for their insights 
into submarine oceanic hydrothermal systems and their associated base metal 
mineralization (e.g. VMS deposits) (cf. Alt, 1999; Hannington et al., 2003), where sea-
water circulates through a sequence of sediments, basalts and sheeted dikes, underlain by 
a large gabbroic intrusion, the latter being a potential source of magmatic fluids to the 
system (cf. Alt, 1999; Hannington et al., 2003). This study is also germane to 
hydrothermal circulation around large intermediate-mafic intrusions in general, and other 
terrestrial impact structures in which hydrothermal alteration has also been recognized as 
an important characteristic (cf. Naumov, 2002, 2005; Ames et al., 2004), and where 
circulation of meteoric and ground water, in addition to products of dehydration and 
degassing due to the impact process, have been postulated. 
 
1.2.2 Ferguson Lake Case Study (Chapter 4) 
 
The Ferguson Lake Ni-Cu-PGE deposit comprises a semi-massive to massive sulphide 
body, and a low-sulphide PGE-rich zone that lies 30 to 50 meters below the massive 
sulphide.  Both styles of mineralization are hosted by a metamorphosed Archean gabbroic 
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intrusion.  Chapter 4 is a study of the textural, mineralogical and chemical characteristics 
of these two styles of mineralization and specifically examines whether the sulphides and 
platinum group minerals (PGM) in the low-sulphide PGE-rich zone represent 
crystallization from a sulfide melt that is related to the main massive sulfide or if they 
have been precipitated from, or modified by, hydrothermal fluids.  A key component of 
this study is a comparison of the identity and chemical composition of individual PGM 
associated with both the main massive sulfide and the low-sulphide PGE-rich zone, and 
interpreting these data in the context of the known stability of PGM and the textural 
characteristics of the enclosing ores and host rocks.   
 
1.3 Dissertation Structure 
 
The main chapters of this dissertation are written in manuscript format, and represent 
advanced versions of manuscripts edited according to standard journal editorial 
guidelines, and which at the moment of defending this dissertation, are being reviewed by 
some of the co-authors prior to submission for publication. Therefore, some repetition of 
text occurs between Chapters 2 and 3, principally with respect to background geological 
information and textural and mineralogical descriptions.  
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CHAPTER 2 
Implications for Fluid Sources and Architecture in the Sudbury Structure from the 
Sr Isotopic Composition of Hydrothermal Epidote and Carbonate Determined by 
femtosecond LA-MC-ICP-MS Analysis 
 
2.1. Introduction 
 
The Sudbury structure, the remnant of a 1.85 Ga, approximately 200 km diameter, 
meteorite impact (Krogh et al., 1984; Corfu and Lightfoot, 1996; Deutsch et al., 1995; 
Grieve and Therriault, 2000), lies along the boundary between the Archean Superior 
Province and the Proterozoic Southern Province of the Canadian Shield (Fig. 2.1). It 
comprises a layered, crustally-derived melt-sheet (i.e., the Sudbury Igneous Complex - 
SIC), overlain by an impact crater fill basin consisting of breccias and associated intrusive 
bodies of the 1.4 km thick Onaping Formation. A sequence of post-impact sedimentary 
rocks overlies the main crater-fill, and comprises the ~14 m thick Vermilion Formation 
carbonates, and the clastic sedimentary rocks of the overlying Onwatin and Chelmsford 
formations (Ames et al., 2005; 2006). Clast-rich igneous bodies (the Onaping Intrusion) 
that cap the SIC have been interpreted as the impact melt generated during the meteorite 
impact (Ames et al., 2005). 
 
The Sudbury structure includes a large (~6 km thick) and well-exposed hydrothermal 
system in which circulation of various fluid types has been postulated at various 
stratigraphic levels of the structure, including deep formational/metamorphic (basement) 
fluids (Frape and Fritz, 1989; Gascoyne et al., 1989; Ames and Farrow, 2007), 
Proterozoic seawater (Ames, 1999), orthomagmatic fluids exsolved from the cooling SIC 
(Molnar et al., 2001), and high-salinity fluids exsolved from solidifying sulfide liquids 
(Hanley et al., 2005).  
 
Miarolitic cavities and veins containing epidote-quartz-chlorite-alkali feldspar ± 
hornblende occur within the SIC. Comparable cavities and veins also occur in the 
Onaping intrusion and in the footwall of the SIC. It has been hypothesized that these 
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miarolitic cavities and veins represent late-stage orthomagmatic fluids/volatiles that were 
exsolved during crystallization and cooling of the SIC, and that these possibly migrated 
up into the overlying Onaping/Vermilion hydrothermal sub-system (Ames, 1999; Ames et 
al., 2001). The latter is characterized by various types of alteration; principally carbonate 
albite, quartz, chlorite and lesser epidote and K-feldspar (Ames, 1999). It has been 
suggested that this alteration (above the SIC) and base-metal mineralization in the 
Onaping and Vermilion formations was caused by fluids dominated by Proterozoic 
seawater, but with a component of orthomagmatic fluids/volatiles derived from the 
underlying SIC, during and following deposition of the crater filling basin sequence 
(Ames, 1999; Ames et al., 2001; Ames et al., 2006).  
 
In addition, it has been postulated that fluids generated during crystallization of the lower 
units of the SIC migrated along syn-crystallization structures, such as felsic pegmatite and 
granophyre dikes and sills, connecting the noritic and granophyric units of the complex 
(Galley et al., 2002). Similarly, Farrow and Watkinson (1999) suggested that basement-
derived fluids may have migrated upward through the crystallized SIC, reaching the 
overlying Onaping and Vermilion formations. 
 
The Sudbury hydrothermal system could potentially have involved a variety of fluids 
from different sources with variable degrees of interplay between subsystems in the 
footwall, the SIC and the Onaping and Vermilion formations. In this study, new initial 
87Sr/86Sr isotope data from miarolitic and vein epidote within the SIC, replacement and 
amygdule epidote from the Onaping Formation, calcite (replacement, amygdule, 
laminated and discordant) from the Onaping and Vermilion formations, and carbonate 
concretions from the Chelmsford Formation are used to provide new insights into the 
debate on the origin of the hydrothermal fluids that have circulated through and around 
the SIC. Specifically, we examine the previously proposed hypotheses regarding the 
derivation of orthomagmatic fluids from the SIC, the circulation of seawater in the 
Onaping and Vermilion formations, and the connection between these two subsystems, as 
well as the migration of basement-derived fluids up through the Sudbury system.  
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2.2 Background 
2.2.1 Stratigraphy of the SIC and Onaping Formation 
 
Ames et al. (2008) provide the most recent compilation of the geology of the Sudbury 
Structure and surrounding areas. The Sudbury igneous complex (SIC) is underlain in the 
north by Neoarchean granitic and gneissic rocks of the Superior province (~2640-2700 
ma). In the south, it is underlain by Paleoproterozoic metasedimentary and metavolcanic 
rocks of the Huronian supergroup  (2220-2480 Ma) and by granitic rocks (~2477 Ma) of 
the Southern Province (Fig. 2.1). In the Sudbury Structure, the metamorphic grade 
increases from greenschist facies in the north range where the SIC and Onaping 
Formation are relatively undeformed, to amphibolite facies in the south range where the 
deformation is more pronounced and likely related to the effects of the Penokean 
Orogeny (e.g. Ames et al., 2006; Russell et al., 1997, and references there in). The SIC 
has a combined ~ 2.5 km thickness, and comprises, from bottom to top, the noritic contact 
sub-layer, mafic and felsic norite, quartz-gabbro, and granophyre (Therriault et al., 2002). 
Overlying the SIC, the crater-fill basin occupies the center of the structure and consists, 
from base to top, of fall-back breccias and sediments of the Onaping Formation, which 
are conformably overlain by the laminated carbonates of the ~14 m thick Vermilion 
Formation (Ames et al., 2006), and metasedimentary rocks of the ~600 m thick Onwatin 
and ~850 m thick Chelmsford formations (Boerner et al., 2000; Ames et al., 2006) (Fig. 
2.2). Nickel-Cu-PGE mineralization occurs at the footwall of the SIC, and Zn-Pb-Cu 
mineralization in the Vermilion Formation carbonates.  
 
The stratigraphy of the Onaping Formation has recently been described in detail by Ames 
(1999) and Ames et al. (2002). It is a 1.4 km-thick sequence, divided from base to top 
into three members on the basis of vitric fragment morphology and the relative 
proportions of vitric and rock fragments to matrix; these are the Garson, Sandcherry and 
Dowling members (Fig. 2.2). This sequence is also intruded by numerous aphanitic intra-
formational dikes and spatially associated peperite bodies that occur through the 
stratigraphy of the Onaping Formation (Fig. 2.2) (Ames, 1999; Ames et al., 2002). The 
igneous-textured Onaping intrusion has been interpreted as the top of the SIC, and as the 
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clast-rich impact melt produced at the moment of meteorite impact (Ames, 1999; Gibbins 
et al., 2004; Ames and Gibson, 2004; Ames et al., 2006). 
2.2.2 Hydrothermal Features of the SIC and Onaping Formation 
 
In the Sudbury structure, emplacement of the SIC and the Onaping Formation breccias 
promoted circulation of aqueous fluids that generated economic hydrothermal ore 
deposits and crater basin-wide hydrothermal alteration (Fig. 2.2) (Farrow and Watkinson, 
1997; Ames, 1999). Fluid temperatures of about 380 to 480 °C and 250 to 300 °C below 
and above the SIC respectively, have been estimated from fluid inclusion data or assumed 
based on the stability of alteration minerals and analogies with other geothermal systems 
(Davies et al., 1990; Farrow and Watkinson, 1997; Ames, 1999; Molnár and Watkinson, 
2001; Farrow and Lightfoot, 2002; Hanley and Mungall, 2003; Ames at al., 2006). 
2.2.2.1 Alteration Within the SIC and in the Footwall of the SIC 
 
The norite unit of the SIC is composed of cumulus plagioclase and orthopyroxene± 
clinopyroxene. It also contains quartz, biotite, magnetite, ilmenite, primary hornblende, 
and micrographic and granophyric intergrowths of quartz and alkali feldspars (Therriault 
et al., 1999, 2002). The quartz gabbro comprises cumulus plagioclase, and clinopyroxene, 
hornblende, biotite, magnetite, apatite, titanite and micrographic and granophyric 
intergrowths of quartz and alkali feldspar. The granophyre consists of plagioclase, 
micrographic and granophyric intergrowths of quartz and alkali-feldspar with lesser 
proportions of biotite and Fe-Ti oxide minerals. Two important characteristics of the SIC 
are the presence of primary amphibole and biotite, and the abundant micrographic and 
granophyric intergrowths of quartz and alkali-feldspar, which have been used as evidence 
that the SIC melt was water-rich and became fluid saturated (Therriault et al., 2002).  
 
Hydrothermal alteration has been superimposed on the primary mineralogy. This 
comprises mainly white mica and epidote after plagioclase, actinolite after pyroxene, and 
chlorite and biotite after amphibole (Therriault et al., 2002). Calcite is not a 
volumetrically significant alteration mineral in the SIC. Within the SIC, miarolitic 
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cavities occur mainly distributed in the granophyre, and pegmatitic and aplitic dykes have 
been observed mainly in the norite and quartz gabbro (Ames et al., 2001). It has been 
interpreted that the miarolitic cavities and pegmatitic and aplitic dykes represent syn-
crystallization structures formed during crystallization of the SIC, as a result of the 
exsolution and migration of magmatic fluids/volatiles (Ames et al., 2001). In addition, 
based on their postulated two intrusion model for the origin of the SIC, Chai and 
Eckstrand (1994) proposed that the norite was a potential source for the fluids responsible 
for the hydrothermal alteration that is observed in the overlying granophyre, to explain 
the occurrence of altered plagioclase in the granophyre. 
 
Hydrothermal alteration documented in the footwall environment of the SIC is complex 
and has been interpreted to involve mainly magmatic fluids derived from the SIC and 
deep formational brines (e.g., Ames and Farrow, 2007; Molnár et al., 2001). Fluid 
inclusion and isotopic studies indicate that multiple generations of hydrothermal fluids 
have circulated in the footwall to the SIC for a prolonged time span ranging from 1850 
Ma to ~ 5-13 Ma (Marshall et al.1999; Molnar et al. 2001, and references therein). 
Hydrothermal alteration assemblages at the base of the SIC consist mainly of actinolite + 
chamosite + epidote + albite + quartz ± scapolite ± magnetite ± biotite ± K-feldspar ± 
titanite (e.g. Hanley and Mungall, 2003; Hanley et al., 2006). The spatial distribution of 
hydrothermal alteration at the base of the SIC is not well constrained, and the target of 
most hydrothermal alteration, fluid inclusion, and isotopic studies has been the Ni-Cu-
PGE mineralization and host brecciated rocks in the footwall environment of the SIC. In 
the footwall, miarolitic cavities have been observed in the centre of granophyric 
microdikes and irregular bodies that crosscut magmatic sulfides and footwall breccias. 
These miarolitic cavities consist of euhedral quartz-feldspar rims with late central fillings 
of chlorite, epidote, and actinolite (Molnár et al., 2001). 
 
2.2.2.2 Alteration Above the SIC: the Onaping, Vermilion, and Onwatin Formations 
 
In the Onaping Formation, hydrothermal activity is manifested as: basin wide semi-
conformable quartz, chlorite, calcite alteration zones; more localized veins and alteration 
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zones of epidote and K-feldspar; amygdules in aphanitic dikes and peperite complexes; 
albite alteration spatially related to aphanitic dikes; and base metal mineralization.  In the 
Vermilion Formation, evidence for hydrothermal input comprises the 6.4 Mt Errington 
and Vermilion Zn-Cu-Pb-Ag-Au deposits.  In the Onwatin sedimentary rocks, metal halos 
above the Vermillion base-metal deposit indicate continued hydrothermal activity during 
deposition of these sediments (Ames et al., 1998, 2002; 2006).  
 
At the base of the Onaping Formation (i.e., adjacent to the SIC), circulation of high 
temperature fluids (> 340 °C) has been inferred from the occurrence of pervasive to 
patchy silicification. The flow of relatively hot aqueous fluids at higher stratigraphic 
levels within the Onaping sequence (the Dowling member) has been inferred from 
calcite-poor zones containing lesser quartz ± chlorite ± epidote alteration and 
disseminated base metal mineralization, which form discordant corridors within zones of 
basin-wide semi-conformable calcite alteration (Ames, 1999, Ames at al., 2002). By 
analogy with other geothermal systems, Ames (1999) postulated that the formation 
temperatures for the semi-conformable calcite alteration were <~180 °C. The calcite-poor 
zones have been postulated to represent conduits along which hotter aqueous 
fluids/volatiles, derived from the SIC, circulated through the Onaping Formation (Ames, 
1999; Ames et al., 2002). Calcite-poor zones are also found adjacent to peperite pods in 
the upper Dowling member, and associated with mineralized carbonates of the overlying 
Vermilion Formation (Ames, 1999). Fluids with temperatures of ~250-300 °C were 
inferred to be responsible for the albite- and actinolite-rich assemblages that occur in the 
vicinity of intraformational aphanitic dikes and intrusive bodies at the base of the 
Onaping Formation (Ames, 1999).  
 
Ames et al. (1998) obtained a U-Pb radiometric age of 1850 Ma from hydrothermal 
titanite in an albitized halo around an actinolite vein.  This was considered to represent 
the age of the hydrothermal system in the hanging wall to the SIC, and is similar to 
previously reported U-Pb radiometric ages of the shocked rocks, the main mass of the 
SIC, the sublayer, and offset dikes (e.g. Krogh et al., 1984; Krogh et al., 1996; Corfu and 
Lightfoot, 1996), confirming a spatial and temporal relationship between the 
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emplacement of the SIC, the Onaping Formation, and the hydrothermal activity above the 
SIC. The duration of this hydrothermal event has been postulated to be significantly less 
that ~1 m.y. (i.e., from tens to hundreds of thousands of years), assuming that most of the 
heat loss was caused by convection of hydrothermal fluids (as opposed to conduction), as 
indicated by the extensive hydrothermal alteration observed in the Onaping Formation, 
and by analogy with heat-flow studies in mid ocean ridges (Ames et al., 1998). Within the 
Onaping Formation, epidote is uncommon, and mainly restricted to the lower units, close 
to the contact with the granophyre, where it is associated with quartz-epidote-pyrrhotite-
chalcopyrite-sphalerite assemblages, in pods of epidote-pyrite mineralization, and 
associated with calcite-poor zones ± quartz ± chlorite ± epidote that are enclosed by semi-
conformable calcite alteration. 
 
Based on textural, mineralogical, and field evidence (Ames, 1999; Ames et al., 2002; 
Ames et al., 2005), a series of events have been proposed for the development of the 
hydrothermal alteration that occurs above the SIC. Early, low-temperature diagenetic 
alteration and devitrification was overprinted by complex semi-conformable and 
stratigraphically restricted alteration zones.  The principal events were: (1) basin-wide 
semi-conformable calcite alteration; (2) albitization related to the intrusion of the 
aphanitic dikes and associated fluidal-fragment units, which predated or were 
synchronous with chloritization, and postdated semi-conformable calcite alteration; (3) 
silicification, which overprinted albitization; and (4) fracture-controlled silicification that 
postdated albitization, chloritization and the semi-conformable calcite alteration.  The 
calcite-poor zones were synchronous with or postdated albitization. 
 
2.2.3 Potential Sr Isotopic Reservoirs 
 
A summary of published ages and estimated initial 87Sr/86Sr data of potential isotopic 
reservoirs within the Sudbury Structure and surrounding basement is provided to 
constrain fluid sources from which the studied epidote and carbonate may have 
precipitated. The sampling protocols used for these studies were designed specifically for 
geochronological purposes, but they nevertheless provide data on the composition of the 
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isotopic reservoirs. Fluids exsolved from the SIC would have had the same isotopic 
composition as the magma, and fluids that interacted with basement rocks could have 
attained a 87Sr/86Sr isotopic ratio similar to that of these rocks, depending on factors such 
as the water/rock ratio, the Sr content of the fluid and rocks, and the degree of isotopic 
exchange (Reed, 1997; McNutt, 1989; Richards and Noble, 1998). The range of initial 
87Sr/86Sr ratios for the SIC and basement rocks was estimated using the original data sets, 
and the 87Rb decay constant λ=1.42 x 10-11 a-1. The initial 87Sr/86Sr ratios were calculated 
at 1.85 Ga, as this is the most precise age determined for the emplacement of the SIC and 
hydrothermal activity in the Onaping Formation (Krogh et al., 1984; Ames et al., 1998). 
 
2.2.3.1 Proterozoic Seawater 
 
The Sr isotopic signature (87Sr/86Sr) for Proterozoic seawater can be estimated using 
published Sr isotopic values for Precambrian marine carbonate rocks and calcite fossils as 
0.7040 to 0.7055 (Veizer, 1989; Veizer et al., 1992; Veizer, 2003). According to these 
studies, this range likely represents a maximum, as post-depositional alteration increases 
the ratio and in many cases the ages of the analyzed carbonates are poorly constrained 
(Veizer et al., 1999; Shields and Veizer, 2002). 
 
2.2.3.2 SIC Fluids 
 
Rubidium-Sr ages and initial 87Sr/86Sr ratios for the various units of the SIC range from 
1.63 ± 0.7 to 1.956 ± 0.098 Ga, and from 0.7040 to 0.7083, respectively (Faure et al., 
1964; Fairbairn et al., 1969;  Deutsch et al., 1989; Gibbins and McNutt, 1975a; Hurst and 
Farhat, 1977; Dickin et al., 1999). The isotopic composition of the sublayer is variable, 
and depends largely on the composition of the source rocks in the North and South range. 
The footwall breccias and granophyre yielded poor-quality isochrons due to resetting of 
the isotopic system during the Penokean metamorphism (1.43 to 1.68 Ga) (Deutsch et al., 
1989). Our best estimate of the initial 87Sr/86Sr ratio for the SIC at 1.85 Ga is 0.7064 to 
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0.7073, based on the published data for the norite and quartz gabbro (Fairbairn et al., 
1969; Gibbins and McNutt, 1975a; Hurst and Farhat, 1977; Dickin et al., 1999). 
 
2.2.3.3 Onaping Formation Fluids 
 
Published whole rock Rb-Sr studies of the Onaping Formation yielded ages of 1.43 to 
1.56 Ga, and initial 87Sr/86Sr ratios from 0.7133 to 0.7174 (Fairbairn et al. 1968; Fullagar 
et al., 1971), and the meta-sediments of the Chelmsford Formation an age of 1.72 Ga ± 
0.03 and initial 87Sr/86Sr ratio of 0.7062 (Fairbairn et al. 1968). The available data do not 
provide useful constraints for the initial isotopic composition of the Onaping and 
Chelmsford Formations, as their isotopic systems have been reset during metamorphism, 
resulting in poor quality isochrons, and some initial Sr isotopic values that are 
unrealistically low (Fairbairn et al., 1968; Fullagar et al., 1971; Gibbins and McNutt, 
1975b).  
 
In contrast to the isotopic data for the Onaping Formation, which is based on whole rock 
analysis, Ames (1999) studied the 87Sr/86Sr isotopic composition of calcite and dolomite 
separates from the Onaping and Vermilion Formations, specifically to assess the isotopic 
composition of the fluids from which these carbonates precipitated. The 87Sr/86Sr ratios of 
these carbonates show a wide range (0.7096 - 0.7177), and are distinctly higher that the 
87Sr/86Sr ratios for Proterozoic seawater, and estimated initial 87Sr/86Sr ratios for the SIC 
and the majority of the footwall basement rocks. To our knowledge, no other Sr isotopic 
studies of the alteration, vein and cavity-fill minerals in the SIC and Onaping Formation 
have been carried out. 
 
2.2.3.4 Basement Fluids 
 
Granitic rocks of the Superior province north of Sudbury yielded a Rb-Sr age of 2698 ± 
162 Ma and initial 87Sr/86Sr ratio of 0.7019 (Hurst and Farhat, 1977). Fairbairn et al. 
(1969) estimated an age of ~2.28 Ga, and an initial 87Sr/86Sr ratio of 0.7063, for the 
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relatively unmetamorphosed Huronian Gowganda Formation, and age of ~2.16 Ga ± 
0.027 Ga, and initial ratio of 87Sr/86Sr of 0.7061 for the Nippising diabase. Initial Sr 
isotope ratios of about 0.7123 at about 1900 ± 100 Ma for the metamorphosed Huronian 
Gowganda Formation southwest of the Sudbury structure were interpreted to result from 
metamorphic resetting (Fairbairn et al., 1969). The Huronian Murray granite yielded a 
Rb-Sr age of 2257 Ma and initial 87Sr/86Sr of 0.7171 (Gibbins and McNutt, 1975a). At 
1.85 Ga, the metamorphosed Archean and Huronian basement rocks show a wide range 
of calculated initial 87Sr/86Sr ratios, ranging from values that are similar to that of 
Proterozoic seawater (~0.7045), through values typical of the SIC (~0.7064 to 0.7073), up 
to very radiogenic values of around 0.8291.   
 
In the Sr isotopic studies summarized above, which are based on “bulk” analyses (whole 
rock or mineral separates), it was indicated that resetting of the isotopic system occurred 
during metamorphism that followed emplacement of the SIC. Thus, the original Sr 
isotopic signature may have been obscured, and the measured data may reflect mixed 
signals between the original and alteration mineralogy, or incorporate signals of diverse 
hydrothermal events. In contrast, this study deals not only with the Sr isotopic 
composition of hydrothermal epidote and calcite potentially related to the 1.85 Ga 
hydrothermal system developed during the formation of the Sudbury Structure (Ames, 
1998), which involved: 1) exsolution of orthomagmatic fluids and formation of miarolitic 
cavities during crystallization of the SIC, and 2) circulation of Proterozoic seawater above 
the SIC; but also late hydrothermal fluids (i.e., externally derived), that potentially passed 
througth and interacted with the SIC and Onpaing Formation. Given the high spatial-
resolution capabilities of the LA-MC-ICP-MS in combination with detailed textural 
characterization, analysis of crystals, or portions of crystals, with potentially different Sr 
isotopic compositions provides a more precise and realistic determination of the isotopic 
characteristics of minerals with different origins, avoiding the problem of mixed signals, 
allowing an analysis of the source of the fluids from which the hydrothermal minerals 
precipitated. To our knowledge, this study also represents the first Sr isotopic analysis of 
epidote and calcite using femtosecond LA-MC-ICP-MS.  
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2.3 Methods 
2.3.1 Sr Isotopes 
2.3.1.1 Femtosecond LA-MC-ICP-MS 
 
Strontium isotope ratios (87Sr/86Sr) were determined in situ on doubly-polished thick 
(~100 μm) sections, by laser ablation multi-collector ICP-MS at the Great Lakes Institute 
for Environmental Research at the University of Windsor. Sample ablation was conducted 
in an Ar gas-filled sampling cell mounted on the computer-controlled stage of a modified 
Olympus BX51 polarizing microscope. The laser system used consisted of a Quantronix 
Integra C 785 nm diode-pumped YLF (yttrium-lithium fluoride) ultra-fast (femtosecond) 
laser, coupled to a ThermoFinnigan Neptune® multicollector ICP-MS. The laser operated 
at energies of 0.105 to 1.07 mJ/pulse, at a frequency of 100 Hz. The laser beam was 
focused on the crystal surface through an objective lens, and the ablation process was 
simultaneously monitored with a CCD camera. The ablated material was transported from 
the ablation cell to the MC-ICP-MS using Ar as the carrier gas through polyethylene 
tubing. Data quality was monitored through replicate analyses of a pressed pellet of the 
powdered otolith standard FEBS-1 of known (modern seawater) isotopic composition, 
and through analysis of standard solutions, including NBS SRM987 (Yang and Fryer, 
unpublished data, see Table 2.1). 
 
Three hundred cycles of data were collected for each laser ablation analysis, with an 
integration time for each cycle of 1.049 seconds. During sample ablation experiments, the 
gas blank was collected for 100 cycles, to allow subsequent correction for background 
interferences.  The laser was then switched on, and the sample was ablated for up to 200 
cycles, depending on the size of the crystal. The ablation process was carried out using a 
laser ablation spot diameter of ~ 62 μm in epidote and ~ 85 μm in calcite. In both epidote 
and calcite, the ablation traverse speed ranged from 5 to 7.1 μm/s (average 5.7 μm/s). 
Data reduction of the time-resolved laser ablation spectra, to obtain 87Sr/86Sr and Rb/Sr 
ratios, was achieved using in-house Visual Basic routines within Microsoft® Excel®. The 
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data reduction protocol (Appendix 1) involved selection of background and sample 
integration regions through inspection of time-resolved plots and the coherence of the 
87Sr/86Sr and 85Rb/86Sr ratios and stability of the 88Sr signal. The raw data was filtered for 
outliers (mean ± 2σ), using the measured 88Sr signal and the calculated 87Sr/86Sr and 
88Sr/86Sr ratios (background regions only used 88Sr). Measured 88Sr signals ranged from 
0.2 to 22 volts (mean 4.0 V) in epidote and from 0.2 to 7.8 (mean 2.2 V) in calcite, 
relative to background signals of < 0.01volts.  Instrument background corrections were 
made by subtracting the gas blank intensity (V) from the sample plus gas intensity (V). 
Krypton, Er, Yb and Lu interferences were corrected based on measured intensities of 
83Kr+ (mass 83), 167Er+2 (mass 83.5) and 173Yb+2 (mass 86.5) during the ablations and 
natural isotopic abundances. Rubidium corrections on 87Sr were calculated from the 
measured 85Rb sample intensity and the 85Rb/87Rb intensity ratio determined on NIST 
610.  The Sr isotope ratios were corrected for mass bias by normalizing to an 86Sr/88Sr 
ratio of 0.1194 using the exponential. Similar data reduction protocols have been applied 
in most laser ablation studies (Vroon, et al., 2008). No corrections were made for Ca-
based polyatomic ions (Ca dimers or Ca argides), which have been reported in some 
studies (Ramos et al., 2004; Woodhead et al., 2005, Horstwood et al., 2008), as a detailed 
study with our (Fs)LA-MC-ICP-MS system (Yang et al., in prep.; Appendix 1, Fig. A1.2) 
has demonstrated that they are not detectable. Analytical precision for individual analyses 
was calculated as the standard error of the mean for the integrated region selected from 
each individual laser ablation transect. NIST 610 glass was analyzed to determine 
calibration factors for in situ Rb/Sr determinations to allow for age corrections of Sr 
isotopic ratios. The detailed data reduction protocol is described in Appendix 1.  
 
2.3.1.2 Thermal Ionization Mass Spectrometry (TIMS) 
 
Selected bulk mineral separates were also analyzed by thermal ionization mass 
spectrometry. One sample of discordant calcite from the Vermilion Formation was 
separated by micro-drilling. Isotope ratios were determined at Carleton University, using 
a Thermo Finnigan TRITON thermal ionization multicollector mass spectrometer. The 
epidote was successively dissolved in, HF, HNO3, and HCl. A 87Rb-84Sr spiked aliquot 
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was used for Rb and Sr determinations, and the remaining solution for the Sr isotope ratio 
determinations, after separation in Sr chromatography columns. Calcite samples were 
dissolved in acetic acid, evaporated to dryness, and the residue used for Sr column 
chemistry. Isotope ratios were normalized to 86Sr/88Sr = 0.11940.  Two standards are 
routinely run at Carleton, NIST SRM987 (87Sr/86Sr = 0.710251 ±18) and the Eimer and 
Amend (E&A) SrCO3 (87Sr/86Sr = 0.708032 ± 24). 
 
2.3.2 Fluid Inclusions 
 
Doubly-polished thick sections were prepared and examined optically to catalog the types 
of fluid inclusions present, and to assess the suitability of inclusions for 
microthermometry. Homogenization temperatures [Th(L+V→L)] and ice final melting 
temperatures (TmICE) were determined using a THM 600 Linkam heating-freezing stage 
coupled to a TMS 91 controller and CS 196 liquid nitrogen pump. The stage was 
calibrated using synthetic fluid inclusions. The calibration method involved measuring 
the melting temperature of pure carbon dioxide (-56.6°C), and the melting (0.1°C) and 
critical homogenization (374°C) temperatures of pure water. The precision of the 
measurements was ± 1.0 °C for Th(L+V→L) and ± 0.1 °C for TmICE. 
 
2.4 Results 
2.4.1 Petrography of Hydrothermal Epidote and Calcite 
 
A summary of key features and relationships for hydrothermal epidote and calcite is 
presented below.  A more detailed description, particularly for the miarolitic cavities and 
veins is available in Appendix 2. 
2.4.1.1 Miarolitic Cavities 
 
Hydrothermal epidote occurs in miarolitic cavities and veins, which are common at 
various levels within the SIC (Fig. 2.2), but also occur in the footwall to the SIC and in 
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the Onaping intrusion, above the SIC (Fig. 2.2). The miarolitic cavities have rounded, 
elongated or irregular shapes, and range from a few mm to a few cm in maximum 
diameter (Fig. 2.3a-c). In the granophyre and Onaping Intrusion the miarolitic cavities 
occur mainly as isolated features (Fig. 2.3b,c), whereas in the quartz-gabbro they are 
associated with more extensive patches of alkali feldspar alteration. These patches occur 
as either isolated features, or as linear (planar?) arrays (Fig. 2.3d). Miarolitic cavities 
were also observed in pegmatitic/aplitic pods (Fig. 2.3a) in the transition quartz-gabbro.  
 
The cavities typically consist of an outer rim containing a graphic intergrowth of quartz, 
K-feldspar and albite, or in some cavities quartz and albite only (Fig. 2.4a). The 
innermost portion of the cavities is typically filled with medium- to coarse-grained, 
subhedral to euhedral epidote (i.e., blocky crystals of colourless/pale-yellow to darker-
yellow/green pleochroism). Some blocky epidote crystals are optically zoned (Fig. 2.4b). 
In general, the distribution of the different epidote phases is irregular, patchy, and 
complex, but in some cases a concentric distribution is observed, indicating that the 
zonation represents a primary growth feature.  
 
A later variety of epidote occurs in some cavities and veins, and is colourless to pale-
yellow and has lower birefringence than the blocky epidote. Generally, this variety occurs 
as a replacement of the blocky epidote (Fig, 2.4d), but in one sample occurs as the matrix 
to blocky crystals (Fig. 2.4b).  This late epidote occurs in some cavities within the 
granophyre and quartz gabbro, both in the North and South ranges, in miarolitic cavities 
in pegmatite pods in south range quartz gabbro, and in miarolitic cavities from the 
Onaping intrusion. In general, the samples in which replacement epidote was observed 
are associated with broader zones of K-feldspar alteration. 
 
Sub- to euhedral quartz is generally present in the cavities (Fig. 2.4a), with, in some 
cases, lesser proportions of hornblende, biotite, and a REE-rich epidote (Fig. 2.4c). 
Biotite and hornblende are intergrown with the blocky epidote. The REE-rich epidote can 
be overgrown by (Fig. 2.4c), or occur as inclusions in, the main blocky epidote, and 
exhibit growth zoning (Fig. 2.4c). The REE-rich epidote is generally altered to chlorite 
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and/or allanite (Fig. 2.4c). The latter only occurs in minor amounts as veinlets in the early 
epidote or as aggregates that have preferentially replaced certain growth zones (Fig. 2.4c).  
 
Some cavities in the granophyre are different in that their cores are dominantly filled with 
either chlorite aggregates with lesser biotite, or massive aggregates of K-feldspar and 
quartz. Some miarolitic cavities have partially void cores, indicating that the cavities were 
initially open (fluid-filled?) voids (Fig. 2.3c).  
 
A subtype of smaller miarolitic cavity (mm in size) occurs interstitially to quartz and 
feldspar aggregates in the granophyre in the vicinity of epidote veins (Fig. 2.4e), and is 
texturally similar to those described by Candela and Blevin (1995). The epidote filling 
these interstitial miarolitic cavities is, in general, subhedral to anhedral. Two main epidote 
phases are also observed in these smaller cavities, but these are not equivalent to the early 
and late epidote seen in the larger cavities.  The smaller cavities contain an early 
subhedral to euhedral colourless to pale-yellow phase, and a later anhedral to subhedral 
darker yellow/green epidote that veins and alters the colourless epidote (Fig. 2.4e). Of 
these two, the early colourless epidote is most similar optically to the later replacement 
epidote in the larger cavities. Both of these epidote varieties are also present in spatially 
adjacent epidote veins (see later section, Fig. 2.4g). In addition, REE-rich epidote can also 
be found as an accessory phase in the interstitial miarolitic cavities (Fig. 2.4e), as well as 
minor amounts of chlorite, pyrite, hematite and fine-grained biotite. 
 
2.4.1.2 Hydrothermal Veins 
 
Veins (mm to cm thick) with a similar mineralogy to the cavities, are present throughout 
the quartz gabbro, granophyre and Onaping Intrusion. In some cases, these veins intersect 
the patchy linear arrays of alkali feldspar containing miarolitic cavities (Fig. 2.3d, 2.4f). 
The dominant mineral in the veins is fine- to coarse-grained, anhedral to subhedral 
epidote, but they also may contain quartz and K-feldspar intergrown with the epidote, and 
can display a dark chlorite alteration halo (Fig. 2.3e,f). Some quartz crystals are zoned 
and contain epidote inclusions along growth zones. The two main epidote phases present 
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in the veins are the same as seen in the interstitial cavities, namely an early subhedral to 
euhedral colourless to pale-yellow phase, and a later anhedral to subhedral darker 
yellow/green epidote (Fig. 2.4g).  
 
As in the cavities, REE-rich epidote also occurs as an accessory phase in the veins (Fig. 
2.4g). This predates the main colourless and yellow epidote described above as it is 
veined and replaced by them (Fig 2.4g).  The early REE-rich epidote exhibits textures that 
are very similar to those seen in the cavities: it can be zoned, replaced by chlorite, and 
veined and replaced along growth zones by allanite.  
 
Paragenetic Sequence for the SIC-hosted Miarolitic Cavities and Veins 
 
An overall paragenetic sequence (Fig. 2.5) can be summarized as follows. Albite ± 
graphic quartz precipitated in the outer rim of the miarolitic cavities, and was followed by 
precipitation of REE-rich epidote. Quartz in some cavities occurs as a discontinuous rim 
at the edge of the cavities, indicating that it started to precipitate before blocky and later 
replacement epidote, but continued to precipitate simultaneously with the blocky epidote, 
as both minerals can be present in the center of some miarolitic cavities (e.g. Fig. 2.4a) 
and epidote occurs along growth zones in some quartz crystals. Hornblende and biotite in 
the miarolitic cavities co-precipitated with quartz and the blocky epidote. Chlorite 
precipitation followed hornblende and biotite as it replaces both minerals, as well as the 
REE-rich epidote. The late replacement and matrix epidote postdated the blocky epidote 
as the latter is replaced and enclosed by the former (Fig. 2.4b). K-feldspar precipitated 
simultaneously with the replacement epidote, and postdated quartz, the blocky epidote 
and chlorite as K-feldspar is found in the center of some cavities that have a 
discontinuous rim of quartz, blocky epidote and chlorite. The colourless epidote in the 
interstitial miarolitic cavities is most likely equivalent to the later colourless replacement 
epidote in the large cavities, and was subsequently overprinted by the late yellow/green 
epidote that is also present in the interstitial cavities and veins. This late variety seen in 
the veins and small cavities does not appear to be present in the larger cavities.  
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In the hydrothermal veins, the colourless subhedral epidote veins and replaces the early 
REE-rich epidote, which is in turn overprinted by the yellow/green epidote (Fig. 2.4g). 
Quartz and K-feldspar precipitated simultaneously with the colourless epidote in the 
veins. Late-stage, thin chlorite-calcite veinlets locally crosscut some miarolitic cavities in 
both the quartz gabbro (South Range) and granophyre (North Range). 
 
2.4.1.3 Amygdule Calcite and Epidote 
 
Amygdules occur in intraformational dikes and peperite bodies throughout the Onaping 
Formation. The amygdules are ellipsoidal or spherical, and range in size from < 1mm to 
~1 cm in maximum diameter, and are filled dominantly by quartz and calcite (Fig. 2.6a), 
with lesser proportions of chlorite, fine-grained epidote, pyrite, chalcopyrite and 
pyrrhotite. Amygdule epidote displays yellow to green pleochroism. Within individual 
samples, different amygdules may contain different mineral assemblages.  Quartz is the 
most abundant mineral, followed by calcite and chlorite, with subordinate sulphides. In a 
few cases, sulphides (mainly pyrite and chalcopyrite) fill most of the cavity. Commonly, 
the amygdules are surrounded by albitic haloes, which generally contain fine acicular 
amphibole (actinolite). 
 
2.4.1.4 Replacement Calcite and Epidote 
 
The samples used in this study come from calcite-poor zones in the Dowling Member of 
the Onaping Formation and are associated with minor disseminated base metal sulphides. 
Calcite and epidote replace vitric shards and lithic fragments to variable degrees (Fig. 
2.6b), although they also occur as fine-grained aggregates in the matrix. Two types of 
replacement epidote have been recognized. The first type (replacement epidote 1) consists 
of subhedral to anhedral crystals with yellow/green pleochroism and second-order 
blue/purple birefringence. The second type (replacement epidote 2) is colourless, has 
lower-order birefringence, and replaces and overgrows replacement epidote 1. Relict 
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epidote inclusions are present in some calcite crystals (Fig 2.6c), indicating that calcite 
postdates epidote. 
 
 2.4.1.5 Vermilion Formation Carbonates 
 
The Vermilion Formation comprises a lower carbonate member (consisting of proximal 
and distal carbonate mound facies), a grey argillaceous member, and an upper carbonate 
member (Ames, 1999). This formation hosts the formerly producing Errington and 
Vermilion base metal deposits (Ames and Farrow, 2007). Three texturally different types 
of carbonates, which belong to the proximal lower carbonate member, were sampled for 
this study (Fig. 2.6d). The first consists of laterally discontinuous bands of finely 
laminated grey and white calcite, alternating with less-abundant discontinuous pink 
laminations. The grey laminations can contain minor amounts of fine-grained pyrite, 
chalcopyrite and pyrrhotite. The second type is mineralized calcite, comprising fine-
grained subhedral crystals associated with small patches of pyrite and chalcopyrite that 
replace the laminated carbonates. The third type of carbonate consists of fine-grained 
anhedral aggregates of calcite that occur in concordant and discordant “veins” that 
crosscut the laminated carbonate. The geometry of the veins (lack of matching walls) and 
lack of evidence for open-space filling (uniformly fine grained, no comb textures) of 
these indicates, however, that the carbonate replaced the banded carbonate adjacent to 
fractures.  A fourth type, not analyzed in this study, consists of subhedral (up to 300 μm) 
calcite crystals that occur at the contact between the laminated carbonates and the 
discordant calcite aggregates. These are interpreted to represent replacement or 
recrystallization of the banded carbonates. 
 
2.4.1.6 Chelmsford Formation Carbonate Concretions 
 
Calcite occurs in concretions in the Chelmsford Formation, which overlies the Vermilion 
Formation. For this study, the concretion sampled occurs in a coarse- to medium-grained 
greywacke, in which the calcite occurs interstitially to quartz and feldspar grains. Such 
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concretions are thought to form during early diagenesis (Mozley, 1996; Brèhèret and 
Brumsack, 2000) and were analyzed to help constrain the isotopic composition of 
contemporaneous Proterozoic seawater. 
 
2.4.2 Sr Isotopes 
 
The Sr isotopic data collected for the various textural types of epidote and calcite hosted 
by the SIC and the Onaping and Vermilion formations are presented in Table 2.1. This 
table contains both the LA-MC-ICPMS and TIMS data, and includes the initial 87Sr/86Sr 
ratios recalculated to 1.85 Ga.  
 
2.4.2.1. Comparison Between LA-ICP-MS and TIMS Data 
 
In general, the initial ratios estimated by laser ablation MC-ICP-MS are consistent with 
the data determined by TIMS, yielding age-corrected ratios within 0.2% of the values 
obtained by isotope dilution (Table 2.1). This indicates that initial 87Sr/86Sr ratios in 
epidote and calcite can be determined by laser ablation with comparable accuracy to that 
obtained by conventional TIMS methods. The precision of all the LA-MC-ICP-MS vary 
from ± 0.00002 to ± 0.00090, although most of the data fall in the range of ± 0.00003 to ± 
0.00020. The precision of the LA-MC-ICP-MS analyses from samples that were also 
analyzed by TIMS, ranges from ± 0.00002 to ± 0.00042. However, analyses of two 
epidote samples yielded greater differences (0.5 to 1 % difference), with the laser analysis 
having higher values, with averages of 0.7142 ± 0.00027 and 0.7106 ± 0.00013, 
compared to the TIMS values of 0.7105 ± 0.00001 and 0.7074 ± 0.00001, respectively 
(Fig. 2.7). The grey box in the figure encloses all the values that are within the ± 0.2% of 
the TIMS results.  
 
One of the divergent samples is epidote from a granophyre-hosted vein that contains the 
three different epidote phases described earlier (i.e., the early REE-rich epidote, the 
colourless to pale yellow epidote and the later yellow/green epidote)(Fig. 2.4g).   A late 
yellow-green epidote crystal yielded a very high laser ablation value of 0.7175.  A lower 
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value (0.7107 ± 0.00016) was obtained from a single colorless epidote crystal in the same 
vein, which is slightly altered by the yellow/green epidote. The colorless vein epidote 
value is close to that of the TIMS value (0.7105 ± 0.00001).  As will be shown below, 
yellow/green epidote in the vein (and interstitial miarolitic cavities) has consistently high 
values.  The lower value obtained by TIMS therefore likely represents a bulk mineral 
separate that is dominated by the colourless epidote.  
 
The second divergent sample is from a granophyre-hosted miarolitic cavity, which 
contains a blocky colourless to yellow/green epidote and the later matrix colourless to 
pale yellow epidote (Fig. 2.4b,f). The matrix epidote has a higher 87Sr/86Sr ratio (0.7106 ± 
0.00013) than the blocky epidote (0.7072 ± 0.00002). The latter is almost identical to the 
TIMS value (0.7074 ± 0.00001), suggesting that the coarser blocky epidote was 
preferentially selected in the mineral separate.   
 
A sample from the footwall containing two epidote phases (i.e. colourless epidote and 
yellow-green epidote) was analyzed by TIMS and LA-ICP-MS (Fig. 2.7). In this case the 
laser ablation data (0.7101 ± 0.00005 to 0.7109 ± 0.00004) and TIMS data (0.71010 ± 
0.00002) were virtually indistinguishable, but again the TIMS data did not allow for 
distinguishing the two epidote phases.  
 
For the two other epidote samples analyzed (Sud-018 and Sud-021), there was little 
within-sample variation, and yielded LA-ICP-MS values that are close to the TIMS 
values. In these two samples only the blocky epidote was present, and therefore it is likely 
that the TIMS data represent only this type. These results indicate that representative 
results can be achieved by TIMS, provided that only a single phase is sampled during 
mineral separation. However, the superior spatial resolution of the LA-ICP-MS is 
demonstrated not only by the analysis of individual phases within a single sample, but 
where it was physically possible, the analysis of sub-domains within single crystals. For 
example, the core and edge of two zoned epidote crystals in a miarolitic cavity (01-AV-
491) and vein (Sud-053) were analyzed by LA-ICP-MS, yielding, in both cases, 
indistinguishable results, within analytical precision (Table 2.1). Similarly, three different 
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phases were analyzed in an interstitial miarolitic cavity of ∼2 mm in diameter (Fig. 2.4e). 
Such results could not be obtained by traditional TIMS methods. 
 
The white laminated Vermilion carbonates yielded identical results by both methods, 
indicating these have a homogeneous Sr isotopic composition and that a single phase was 
analyzed by TIMS.  However, the somewhat more radiogenic LA-ICP-MS value obtained 
from a crystal from the mineralized calcite, compared to the TIMS value, indicates that 
the latter represents a mixture, presumably of the laminated calcite being replaced and the 
more radiogenic replacement calcite.  The same is likely true of the grey lamination 
analyzed, where the LA analysis was of the less-radiogenic component. Thus, in both the 
grey and mineralized calcite, although careful separation was carried under binocular 
microscope, it is likely that the TIMS calcite separates included more that one phase. 
 
2.4.2.2 Epidote Sr Isotopic Data 
 
The majority of the epidote Sr isotopic data collected represent miarolitic cavity and vein 
epidote (Table 2.1). Miarolitic cavity samples come from the footwall breccias, quartz 
gabbro, granophyre, and the Onaping Intrusion (i.e., the top of the SIC), whereas vein 
samples only come from the quartz gabbro and granophyre.  
 
The blocky miarolitic epidote is distinct in having a very narrow range and low values 
(0.7071 to 0.7074) compared to most of the other SIC-hosted epidote (Fig. 2.8a).  All of 
the colour varieties of blocky epidote (i.e., colorless to pale yellow, or yellow to green) 
have these low values.  In contrast, miarolitic replacement epidote has distinctly higher 
87Sr/86Sr ratios, mostly between 0.7076 and 0.7120, with one analysis from the quartz 
gabbro with an even higher value of 0.7140 (Fig. 2.8a). The miarolitic matrix epidote 
analyzed in one sample also has high values, between 0.7099 and 0.7111(Fig. 2.8a).  
Footwall cavity epidote has similarly high 87Sr/86Sr ratios of between 0.7101 and 0.7109 
(Fig. 2.8a). Early colorless epidote and later yellow epidote in the veins mostly display 
similar ratios of between 0.7077 to 0.7114 and 0.7084 to 0.7109, respectively (Fig. 2.8a).  
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One yellow vein epidote yielded a very high ratio of 0.7175, the highest of any epidote 
measured in this study.  
 
Early colourless and later yellow/green interstitial miarolitic cavity epidote was analyzed 
from one sample.  These two types have similar 87Sr/86Sr ratios of 0.7124 to 0.7156 that 
are noticeably higher than the other SIC-hosted epidote (Fig. 2.8a), with the colourless 
epidote exhibiting a narrower range than the yellow. The earliest REE-rich epidote has 
slightly lower values (0.7105 to 0.7107) compared to the interstitial colourless and 
yellow/green epidote (Fig. 2.8a), but is similar to most of the matrix, replacement and 
footwall epidote. Spatially, the interstitial miarolitic cavity epidote analyzed is associated 
with the vein sample in which the late yellow/green epidote displays the highest 87Sr/86Sr 
value.  
 
Although there are two types of replacement epidote in the Onaping Formation, only 
replacement epidote 2 was analyzed. This epidote displays a relatively narrow Sr isotopic 
range, from 0.7090 to 0.7102 (Fig. 2.8a), and the amygdule epidote found in peperite 
pods has a similar, although somewhat broader, range, from 0.7087 to 0.7108 (Fig. 2.8a). 
Overall, the Onaping Formation-hosted epidote approximately coincides with the range 
for most of the SIC-hosted miarolitic replacement and vein epidote (Fig. 2.8b).  
 
The quartz gabbro-hosted blocky epidote displays values that are essentially identical to 
those of the granophyre-hosted miarolitic blocky epidote (Fig. 2.8b) and the various types 
of replacement epidote have overlapping ranges. In contrast, vein epidote from the 
granophyre has higher values than vein epidote from the quartz gabbro (Fig. 2.8b), 
however, the number of analyses and samples is too small to draw any conclusions 
regarding a stratigraphic variation.  
 
2.4.2.3 Calcite Sr Isotopic Data 
 
Onaping Formation amygdule calcite is characterized by a wide range of initial 87Sr/86Sr 
ratios, between 0.7094 and 0.7148, except for one low value of 0.7057 (Fig. 2.9, Table 
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2.1). Onaping Formation replacement calcite has lower ratios, in the range 0.7052 to 
0.7096 (Fig. 2.9). The Vermilion Formation carbonates are characterized by variable 
87Sr/86Sr ratios, but, in general, two subgroups can be distinguished. The laminated 
(syngenetic) Vermilion Formation calcite (i.e., alternating white and grey laminae), 
display the lowest values measured in this study, from 0.7030 to 0.7051, whereas the 
mineralized (concordant) and discordant (locally mineralized) epigenetic calcites have 
higher ratios (0.7065 to 0.7113) similar to the Onaping Formation replacement and 
amygdule calcite (Fig. 2.9). The unmineralized Vermilion Formation calcite (i.e., the 
white laminae) has the lowest initial 87Sr/86Sr ratios of any of the calcites measured 
(0.70296 by LA-ICP-MS and 0.70295 by TIMS), and are lower than the postulated 
composition for contemporaneous Proterozoic seawater (0.7049 to 0.7055).  
 
Two analyses of calcite from the matrix of carbonate concretions in the Chelmsford 
Formation yielded initial 87Sr/86Sr ratios of 0.7055 and 0.7058. These two values are close 
to the range  of 87Sr/86Sr ratios postulated for Paleoproterozoic seawater, and are similar 
to the lowest values observed in the Onaping Formation replacement and amygdule 
calcite, but higher that the Vermilion Formation unmineralized white calcite (Fig. 2.9). 
 
2.4.3 Fluid Inclusions 
 
2.4.3.1 Fluid Inclusion Petrography 
 
A preliminary fluid inclusion study was carried out on a zoned quartz crystal from a vein 
hosted by quartz gabbro in the North Range (Sud-053). In this sample, primary fluid 
inclusion assemblages are present in growth zones that also contain epidote inclusions 
(Fig. 2.10).  At room temperature, the fluid inclusions contain liquid and vapor, with 
consistent L/V ratios of ~ 85:15 to 80:20. The inclusions have various shapes, including 
rounded, tabular with rounded corners, and irregular, and mainly range from 2 to 10 µm 
in size.  
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2.4.3.2 Fluid Inclusion Microthermometry 
 
All inclusions homogenized to the liquid phase during heating. Homogenization 
temperatures [Th(L+V→L)] ranged from 159 to 210 °C, and TmICE = -23  to -24.5 °C. 
Low Tm(ICE) values such as these require the presence of divalent salts in solution, most 
typically CaCl2 (c.f. Bodnar, 2003). Therefore, salinities were estimated using a 
regression equation that relates the median salinity on a TmICE isotherm (between the 
H2O-NaCl and H2O-CaCl2 end-members) to the TmICE value, and are given as an equiv. 
wt. % NaCl+CaCl2. The estimated salinities range from 23  to 24 equiv. wt. % 
NaCl+CaCl2. All of the microthermometric measurements are presented in Appendix 3. 
 
2.4.3.3 Trapping Temperatures 
 
Based on structural considerations, it has been postulated that, after emplacement, the 
base of the SIC in the South Range was at depths of between approximately 8 and 12 km, 
whereas the base of the SIC in the North Range was at shallower depths, at about 3 to 8 
km (Souch et al., 1969; Hoffman et al., 1979). Isochores constructed from fluid inclusion 
microthermometric data, and a minimum lithostatic pressure of 2 kbar (equivalent to ~8 
km; following Souch et al., 1969; Hoffman et al., 1979), have been used by other authors 
to estimate trapping temperatures of fluid inclusions at the base of the SIC in the South 
Range (e.g. Molnár et al., 1997; Molnár et al., 1999; Molnár and Watkinson, 2001). A 
depth range of 4 to 6 km at the base of the SIC in the North Range (i.e. 1.1 to 1.55 kbar 
lithostatic pressure), has also been postulated on the basis of combined plagioclase-
hornblende thermometry and geobarometry (Molnár et al., 2001), and has been used to 
estimate trapping temperature conditions of fluid inclusions, using isochores constructed 
from microthermometric data (c.f. Molnár et al., 2001). 
 
The depth and pressure of precipitation for the vein quartz used for fluid inclusion 
analysis here have been estimated by assuming that the base of the SIC in the North 
Range formed at an average depth of ~5 km (c.f. Hoffman et al., 1979; Molnár et al., 
2001), an estimated thickness of the SIC of ~2.5 to 3 km (e.g. Therriault et al., 2002; 
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Golightly, 1994), a thickness of ~2.5 km for the overlying crater sequence (e.g. Ames, 
1999; Ames and Farrow, 2007), and an average density of the SIC and crater basin units 
of ~2.74 g/cm3 (McGrath and Broome, 1994).  Using these values, the approximate 
depths at which the quartz gabbro-hosted vein formed was ~3 km.  If pressure conditions 
were lithostatic, this translates into pressures of 800 bars, and if hydrostatic, to pressures 
of 300 bars. 
 
Fluid inclusion isochores were calculated (Fig. 2.11) using the MacFLINCOR program 
(Brown and Hagemann, 1995; Bakker and Brown, 2003), using the data of Bodnar and 
Vityk (1994) for the H2O-NaCl system. No data for the H2O-CaCl2 system was available 
in the MacFLINCOR program. However, as the experimental fluid inclusion studies of 
Zhang and Frantz (1987) show, lines of constant homogenization temperature (equivalent 
to isochores) for the NaCl-H2O and KCl-H2O and CaCl2-H2O systems are essentially 
identical at pressures < ~800 bars, and therefore, use of the NaCl-H2O system is justified 
for these conditions. Using the pressures estimated above, the isochoric projections 
indicate minimum and maximum trapping temperatures of 172 to 226 °C (hydrostatic) 
and 195 to 253 °C (lithostatic) for this vein (Fig. 2.11).  
 
2.5 Discussion 
 
2.5.1 Importance of the In Situ LA-MC-ICP-MS vs TIMS Data 
 
A key point to make in comparing data from the LA-MC-ICP-MS and TIMS techniques 
is that the high spatial resolution provided by LA-MC-ICP-MS allows analysis of 
individual crystals or portions of individual crystals that cannot be normally achieved by 
traditional TIMS methods.  There is a limit, however, to what can be resolved; in this 
study the laser beam size and ablation speed used precluded the analysis of zones or 
portions of crystals that were less than about 80 μm in size (parallel to the direction of the 
LA traverse). In addition to being able to determine the isotopic composition of portions 
of crystals greater than ~ 80 μm across, the LA-MC-ICP-MS allows the avoidance of 
37 
 
 
inclusions that potentially have different isotopic signatures from the host phase, and that 
cannot be resolved by traditional TIMS methods. The latter approach would produce a 
mixed signal from phases with potentially different isotopic compositions, except where 
there is certainty that a single phase is separated and analyzed. Thus, many of the 
interpretations that follow would have not been possible without the high spatial 
resolution capability of the LA-MC-ICP-MS technique. 
 
2.5.2 Isotopic composition of the Vermilion hydrothermal fluids 
 
It has been postulated that the Vermilion Formation carbonates were precipitated from 
fluids dominated by Proterozoic seawater (or modified seawater), with a component of 
SIC-derived fluids (Ames, 1999). Given that the estimated Sr isotopic range for 
Proterozoic seawater (0.7040 to 0.7055, Veizer, 1989; Veizer et al., 1992; Veizer, 2003) 
likely represents a maximum value, the data obtained in this study are consistent with a 
model in which the unmineralized Vermilion Formation white calcite (0.7030) 
precipitated from Proterozoic seawater (Fig. 2.9). A value of ~0.7030 is postulated for the 
Sudbury contemporaneous seawater at 1.85 Ga. In comparison, the 87Sr/86Sr ratios of the 
Chelmsford Formation carbonate concretions (~0.7056) (Fig. 2.9), are close to the upper 
limit of the contemporaneous Proterozoic seawater range. These carbonate concretions 
therefore represent more radiogenic diagenetic fluids that were likely derived from 
Proterozoic seawater. The somewhat more radiogenic values are interpreted to represent 
interaction of Proterozoic seawater with the Chelmsford Formation clastic sediments. 
 
The Vermilion Formation Zn-Cu-Pb ores and some of the Zn-Pb mineralization at the top 
of the Onaping Formation have been postulated to be syngenetic-exhalative (Rousell, 
1984). A model involving sub-sea floor replacement of what were originally exhalative-
sedimentary carbonates (i.e. the Vermilion Formation) has, however, also been 
hypothesized (Ames et al., 2006, and references therein). The more radiogenic Sr isotopic 
composition of the grey, mineralized carbonate laminae, relative to the white laminae, 
could either reflect an increase in the amount of exhalative hydrothermal fluids in the 
seafloor environment, or replacement of white carbonate by more radiogenic calcite. 
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Neverthless, the grey and white laminae are texturally very similar, other than the 
presence of sulfides in the former. Taken with the very low 87Sr/86Sr ratios in the white 
bands, which are consistent with precipitation from Proterozoic seawater, the textural 
character of the beds supports a model in which the higher 87Sr/86Sr ratios and presence of 
sulfides of the grey bands represents input of exhalative hydrothermal fluids with higher 
87Sr/86Sr ratios than contemporaneous sea water.  This, in turn, supports a model in which 
the Vermillion deposits, at least in part, were formed through exhalation. The replacement 
and discordant sulphide-bearing calcite, which cuts and replaces the laminated 
carbonates, are characterized by much higher Sr isotopic values relative to that of 
Proterozoic seawater, but are comparable to those of the SIC and the Onaping Formation-
hosted epidote and carbonates (see later section).  Thus, these likely represent similar 
fluids to those that caused alteration deeper in the hydrothermal system(s) and that were 
exhaled to generate the Vermilion base metal deposits. 
 
2.5.3 Isotopic Composition of the SIC Hydrothermal Fluids 
 
It has been hypothesized that the epidote-bearing miarolitic cavities in the SIC represent 
pockets of late-stage magmatic fluids derived from the SIC, and that the veins that occur 
throughout the SIC are the conduits through which these fluids migrated away from their 
source (Ames et al., 2001).  Furthermore, a hydrological connection between the footwall 
and hangingwall environments of the SIC has also been hypothesized, where fluids 
generated during crystallization of the SIC migrated along syn-crystallization structures 
such as felsic pegmatite and granophyre dikes and sills, thus connecting the noritic and 
granophyric units of the complex (Galley et al., 2002).  It has also been postulated that 
basement-derived fluids migrated upwards throughout the crystallized SIC (Farrow and 
Watkinson, 1999), and may have reached the overlying Onaping and Vermilion 
formations. 
 
The Sr isotopic composition of any orthomagmatic fluids exsolved from the SIC will 
reflect the isotopic composition of the source magma. As discussed above, our best 
estimate of the initial 87Sr/86Sr ratio of the SIC is ~ 0.7064 to 0.7073. The SIC-hosted 
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miarolitic blocky epidote displays a narrow initial 87Sr/86Sr range (0.7071 to 0.7074). The 
similarity of the initial 87Sr/86Sr values of the miarolitic blocky epidote to the isotopic 
composition estimated for the SIC (Fig. 2.8a), and the fact that the granophyre-hosted 
cavities occur as isolated features, is consistent with precipitation from orthomagmatic 
fluids derived from the SIC. 
 
Miarolitic cavities, at least initially, are produced by exolution and accumulation of late-
stage volatiles, or volatile-rich melts, that form during magma crystallization (c.f. 
Candela 1991, Candela and Blevin, 1995; London, 2005; Audétat et al., 2008). The Sr 
isotopic data for the SIC-hosted blocky miarolitic epidote is consistent with epidote 
precipitation from a late-stage magmatic fluid, assuming that the postulated Sr isotopic 
composition of the SIC is primary, and has not been significantly modified by subsequent 
hydrothermal alteration. The fact that most of these cavities are completely filled requires, 
on mass balance arguments, replenishment of the fluid from the surrounding magma, as 
the cavities cannot have been filled with minerals precipitated from a single aliquot of 
fluid. 
 
In contrast to the narrow range displayed by the miarolitic blocky epidote, the higher Sr 
isotopic composition of the later miarolitic replacement (Fig. 2.4d) and matrix (Fig. 2.4b) 
epidote is inconsistent with fluids derived from the SIC only, and indicates the influence 
of external fluids that have circulated through the SIC and infiltrated the cavities after 
their formation. The latter is consistent with the association of the cavities in which the 
replacement epidote was analyzed with zones of alkali feldspar alteration in the 
surrounding quartz gabbro, and with high 87Sr/86Sr ratios in vein epidote.  These features  
are, therefore, interpreted to represent fluid flow and water-rock interaction involving 
externally-derived fluids, rather than SIC-derived fluids.  High Sr isotopic ratios in the 
interstitial miarolitic cavities near one of the veins indicates that the epidote in these 
cavities was precipitated from the same external fluids. 
 
As the textural and isotopic evidence indicate that external hydrothermal fluids with high 
87Sr/86Sr ratios (i.e., interpreted as basement-derived) circulated through the SIC, the 
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original magmatic Sr isotopic signature of the SIC could have been modified by late 
hydrothermal alteration. However, if the early blocky miarolitic epidote precipiatetd from 
orthomagmatic fluids, which is supported by the textural relationships in the miarolitic 
cavities (c.f. Candela 1991, Candela and Blevin, 1995; London, 2005; Audétat et al., 
2008), the Sr isotopic signature of these crystals should represent the original magmatic 
SIC signature.  That this is the case is supported by the narrow range of Sr isotopic 
compositions of these epidote crystals, and the similitude of their 87Sr/86Sr ratio with the 
range postulated for the unmodified SIC (see section 2.2.3.2 SIC fluids, Fig. 2.8). On the 
contrary, if the blocky miarolitic epidote precipiatetd from earlier pulses of externally 
derived fluids, it may represent the result of equilibration of the external fluids with the 
SIC, although more data will be needed to further test this hypothesis.  
 
There are two possible sources for these external fluids: basement-derived fluids that 
moved upwards through the SIC (cf. Farrow and Watkinson, 1999), or Proterozoic 
seawater that had interacted with the lithic and vitric fragments in the Onaping Formation 
(which were derived from the basement) (Ames, 1999), and that percolated down through 
the SIC. 
 
There are several lines of evidence that suggest that the passage of basement-derived 
fluids through the SIC is the more likely explanation.  The first is that the salinities of the 
primary liquid-vapor fluid inclusions in the vein are too high to be seawater, assuming 
that Proterozoic seawater had a similar salinity as modern seawater. This is supported by 
a lack of evidence for evaporites in the crater sediments (Ames, 1999). On the basis of 
fluid inclusion studies of footwall rocks, including epidote-bearing assemblages, previous 
workers have hypothesized that the various generations of primary and secondary fluid 
inclusions reflect various stages of interaction of basement-derived fluids with sulfide 
mineralization, and mixing with magmatic fluids exsolved from the SIC and/or from the 
crystallizing sulfide liquids (e.g. Molnar et al., 1999; Molnar et al., 2001; Hanley et al., 
2005). Common to these studies is the presence of highly saline (~ 40 wt % NaCl equiv. 
and higher), high temperature (mostly ~185 to 400 °C) fluids, which occur as primary and 
secondary multiphase inclusions, and which predate or are synchronous with the Cu-PGE 
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mineralization. Late-stage hydrothermal fluids are represented mainly by trails of two-
phase secondary inclusions and are characterized by moderate salinities (6 to 26 equiv. 
wt. % NaCl or, in some cases, Ca-rich brines with salinities of 21 to 30 equiv. wt. % 
CaCl2), and by variable trapping temperatures between 150 and 250 °C. Thus, the 
composition and trapping temperatures of the L-V primary fluid inclusions in the quartz 
gabbro-hosted vein sample, are close to some of the late-stage hydrothermal fluids that 
circulated at the base of the SIC, and which potentially rose up through the SIC.  
 
Secondly, the presence of extensive actinolite + epidote + chamosite + albite + quartz ± 
scapolite ± magnetite ± biotite ± K-feldspar ± titanite alteration in the basement (e.g., 
Hanley and Mungall, 2003; Hanley et al., 2006), and the presence of epidote in cavities in 
the footwall breccias, indicate that the fluids present in the footwall had the appropriate 
chemistry. The initial Sr isotopic composition of epidote from the footwall cavity that was 
measured (0.7101 - 0.7109) is in the same range as the vein and replacement epidote in 
the SIC (Fig. 2.8), which is consistent with precipitation of the latter from footwall-
derived fluids. 
 
Finally, calcite, which characterizes alteration by seawater-derived fluids in the Onaping 
Formation (see below), is essentially absent from the SIC. The presence of late-stage 
calcite-chlorite veinlets crosscutting some miarolitic cavities in the quartz gabbro in the 
south range, could be related to the deep penetration of surface-derived fluids or, more 
likely, to  circulation of fluids associated with subsequent metamorphism that have been 
documented in the footwall Ni-Cu-PGE deposits of south range of the Sudbury structure 
(Molnar et al., 1999). 
 
There are abundant possible radiogenic sources for the Sr in the basement-derived fluids 
in the Archean and Huronian basement rocks that form the footwall to the SIC. At 1.85 
Ga, the Archean metamorphosed granitic rocks of the Superior Province, the Nippising 
diabase sill and dikes, the Huronian Gowganda Formation, and the Murray granite, show 
a wide range of initial 87Sr/86Sr values ranging from that of contemporaneous Proterozoic 
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seawater (i.e. 0.7030) up to 0.8291 (this study, Fairbairn et al., 1969; Gibbins and 
McNutt, 1975b; Hurst and Farhat, 1977).  
 
Overall, a reasonable model is that the consistently low 87Sr/86Sr ratios of the cavity 
blocky epidote (Fig. 2.6a,b) indicate precipitation of this epidote, along with quartz, albite 
and accessory minerals, from orthomagmatic fluids that were replenished  by fluids being 
exsolved from a partially crystallized magma. Subsequent infiltration of external, 
basement-derived fluids carrying more radiogenic Sr caused alteration of the blocky 
epidote and precipitation of matrix epidote.  These same fluids precipitated epidote in the 
veins and related interstitial miarolitic cavities. The wide range of 87Sr/86Sr values seen in 
the vein and replacement epidote that extend from the values seen in the blocky epidote to 
much more radiogenic values, could reflect mixing of orthomagmatic fluids derived from 
the SIC with basement-derived fluids.   
 
2.5.4 Isotopic Composition of the Onaping Hydrothermal Fluids 
 
On the basis of O and C isotopic data, and to a lesser extent Sr isotopic data, Ames (1999) 
proposed that the basin-wide semi-conformable calcite alteration in the Onaping 
Formation was caused by a fluid dominated by Proterozoic seawater (or modified 
seawater), with a component of SIC-derived fluids. The Sr isotopic composition of the  
semi-conformable calcite alteration (i.e., replacement calcite) in the Onaping Formation 
(~0.7140) (Ames, 1999) was interpreted to reflect interaction of this fluid mixture with 
basement lithic fragments present in the Onaping Formation. In addition, Ames (1999) 
also suggested that the Onaping Formation epidote alteration may have precipitated from 
fluids rising from the SIC.  The Sr isotopic composition of the Onaping Formation 
replacement calcite (0.7052 to 0.7096) and amygdule calcite (0.7057 to 0.7148) display a 
wide range, from values approaching those of Proterozoic seawater up to very radiogenic 
values (Fig. 2.9). The replacement calcite values measured here are lower than those 
reported by Ames (1999) whereas the amygdule calcite values are similar (Fig. 2.9). 
However, as the data reported by Ames (1999) are from bulk mineral separates, a more 
detailed comparison is difficult.  However, if the laser ablation calcite data are taken as a 
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whole, the bulk analyses of Ames (1999) are comparable to the more radiogenic values 
obtained by laser ablation.  The differences in the replacement calcite values may 
represent local variations in the Sr isotopic composition of the calcite-depositing fluids.  
For the most part, the calcite data is isotopically similar to the values measured for much 
of the SIC-hosted epidote (Fig. 2.8), and significantly higher than Proterozoic seawater, 
as represented by the white unmineralized calcite of the Vermilion Formation (Fig. 2.9). 
The low calcite 87Sr/86Sr values presumably reflect passage of seawater deep into the 
system with little isotopic modification through water/rock interaction, whereas the 
higher values reflect either fluids from the SIC (cf. epidote) or seawater that has 
interacted with the basement lithic components in the Onaping Formation. 
 
The Sr isotopic composition of the Onaping Formation epidote is more radiogenic than 
the miarolitic epidote that we have interpreted to represent orthomagmatic fluids in the 
granophyre, but is comparable to the more radiogenic SIC-hosted vein and miarolitic 
epidote that is interpreted to be related to basement-derived fluids. Two possibilities can 
be invoked to explain the 87Sr/86Sr values for the Onaping Formation epidote. First  they 
were precipitated from the same external fluids that deposited the more radiogenic 
epidote in the SIC. Second, it formed from the same fluid that precipitated the more 
radiogenic calcite in the Onaping and Vermillion formations. The former is more likely as 
textural evidence indicates that carbonate postdates epidote in the Onaping Formation 
(Fig. 2.6c) and in the SIC, and for the one sample we have that contains both minerals, 
the epidote is more radiogenic than calcite.  Taken together, these indicate that epidote 
and calcite were deposited at different times, and from isotopically different fluids. In 
addition, the distribution of epidote alteration in the Onaping Formation, which is most 
abundant towards the base of the Formation, supports a model in which it was deposited 
from the same basement-derived fluids that deposited the later epidote in the SIC. 
 
Given that the calcite and epidote appear to have been formed from different fluids and at 
different times, that there is a lack of carbonate in the veins and cavities in the SIC, and 
that there is evidence of deep penetration of seawater into the Onaping Formation, it is 
more likely that the radiogenic calcite was precipitated from seawater that has been 
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isotopically modified through water-rock interaction with the lithic components in the 
Onaping Formation than from basement-derived fluids. These fluids also were likely 
responsible for the late, radiogenic carbonates in the Vermilion Formation (i.e., the 
epigenetic discordant and mineralized calcite). If this is true, another possibility to 
consider is that the Onaping hydrothermal system, which was initially driven by the heat 
generated during crystallization of the SIC (cf., Ames, 1999, Ames et al., 2006), may 
have collapsed downwards into the SIC due to cooling of the system and the cessation 
buoyancy-driven flow from below. However, given that there is a lack of hydrothermal 
calcite in the SIC, the high salinity of primary fluid inclusions in the vein sample studied, 
and the similitude of the fluid inclusion data to that of fluids in the footwall to the SIC, 
the possibility that seawater percolated down trougth the SIC is less likey (See section 
3.5.3). 
 
Strontium in the majority of amygdule calcite is more radiogenic than the replacement 
calcite measured.  The more radiogenic samples come from the North Range, and the less 
radiogenic from the South Range, which may point to regional variations in the isotopic 
composition of the fluids and the nature of lithic components in the Onaping Formation.  
However, when the data of Ames is taken into account, the two types of calcite cover 
very similar ranges (Fig. 2.9). The wide range of 87Sr/86Sr values represented by calcite 
could represent mixing of fluids with different isotopic compositions, different degrees of 
water-rock interaction and/or interaction with lithologies with different isotopic 
compositions (different basement sources).  Given our conclusions above that the calcite-
depositing fluids were most likely modified seawater, we favor the latter two options.  
Variable degrees of water-rock interaction is a testable hypothesis if one were to 
systematically study the isotopic composition of calcite as a function of depth in the 
system and with respect to the postulated upflow zones.  Similarly, to assess the influence 
of lithic fragment composition, one could systematically analyze the composition of 
carbonates and fragments at various locations through the structure.  Our data do not 
allow us to examine these possibilities, and a more detailed and systematic study is 
required.   
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Finally, as carbonate is interpreted here to post-dates epidote, and is related to seawater 
circulation through the Onaping Formation, the epidote at depth in the system is not 
“metamorphic” (Ames, 1999) and related to some late event, but rather is related to the 
cooling of the SIC. 
 
2.5.5 General Model 
 
The general model postulated is as follows. Degassing and fluid exsolution occurred 
during crystallization of the SIC and miarolitic cavities were formed at different 
stratigraphic levels in zones of concentrated volatiles/fluids. The cavities were filled and 
replenished with orthomagmatic fluids, from which the main blocky epidote precipitated. 
Following this, passage of more radiogenic basement (formational) fluids occurred 
through the SIC and up into the Onaping Formation. The basement-derived fluids 
precipitated minerals in veins, but also circulated through the earlier formed miarolitic 
cavities, altering the previously precipitated epidote (i.e., blocky epidote)  and 
precipitating epidote with more radiogenic Sr ratios (i.e., the matrix epidote). The same 
fluids reached the top of the SIC and precipitated miarolitic epidote in the Onaping 
intrusion and the replacement and amygdule epidote at the base of the Onaping 
Formation. At some point, seawater convection developed in the Onaping Formation, 
possibly coevally with the hydrothermal activity in the SIC.  However, in the deeper part 
of the Onaping Formation, alteration (epidote) related to deeply-derived fluids 
precipitated preceding the carbonate alteration related to seawater convection.  
Convecting seawater precipitated the replacement carbonates, but the Sr isotopic 
signature was influenced by the degree of interaction with and origin of the lithic 
components with which the seawater interacted. The same type of convecting fluids 
precipitated the amygdule carbonates present in syn-depositional aphanitic dykes in the 
Onaping Formation. Synchronous precipitation of the Vermilion Formation white 
carbonates occurred on top of the Onaping Formation during quiescent hydrothermal 
times.  Grey carbonate layers were deposited during periods of hydrothermal exhalation, 
with subsequent replacement of the laminated carbonates by fluids carrying more 
radiogenic Sr that interacted with the Onaping lithologies. 
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Fig. 2.1. Generalized geological map of the Sudbury Structure showing the location of the 
studied samples. 
Note: The Vermilion Formation occurs conformably at the contact between the Onaping 
and Onwatin formations, but is too thin to be shown at the scale of this map. (Modified 
from Ames and Farrow, 2007). 
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Fig. 2.2. Schematic diagram showing the general architecture of the Sudbury 
hydrothermal system. 
(Modified after Ames and Farrow, 2007) 
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Fig. 2.3. Field characteristics of representative miarolitic cavities and hydrothermal veins 
from the Sudbury structure sampled for this study: 
(a) Miarolitic cavity rimmed by albite (Ab) and filled with epidote (Ep) and quartz (Qtz) 
in a pegmatite pod hosted by the transition gabbro, (b) miarolitic cavity in the Onaping 
intrusion, rimmed with K-feldspar (Kfs) and filled with epidote, (c) K-feldspar-quartz-
epidote miarolitic cavity with a partly void core in the granophyre, (d) epidote vein 
intersecting miarolitic cavities rimmed by K-feldspar, and spatially associated with a 
pegmatite dike (not shown in the picture) in the transition gabbro, (e) Epidote-quartz vein 
with a chlorite (Chl) alteration halo crosscutting the quartz gabbro, (f) Granophyre-hosted 
epidote-quartz vein with lesser K-feldspar in the core and a chlorite halo.  
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Fig. 2.4. Common textures found in miarolitic cavities and veins from the Sudbury 
structure: 
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(a) Miarolitic cavity filled with sub- to euhedral epidote and quartz in subequal 
proportions. Note that epidote partially replaces albite at the edge of the miarolitic cavity. 
Sample: Sud-018. Host rock: granophyre, South Range. (b) Two textural types of epidote 
found in a miarolitic cavity hosted by the granophyre in the North range. Early blocky 
epidote crystals are replaced and enclosed by a late matrix epidote. Sample 01-AV-491, 
Host rock: granophyre, North Range. (c) Subhedral epidote overgrowing a REE-rich 
epidote crystal in a miarolitic cavity in a pegmatite pod. The REE-rich epidote crystal has 
been replaced by chlorite preferentially in the core. The inset in the lower left corner is a 
BSE image of the same REE-rich epidote crystal showing the presence of thorite (Tho) 
inclusions, and REE enrichment preferentially along fractures and growth zones. Sample 
Sud-021. Host rock: quartz gabbro. (d) Miarolitic yellow/green epidote overprinted by a 
late colorless alteration epidote in a miarolitic cavity from the quartz gabbro. Note the 
rounded character of the contact between the two epidote phases. Sample Sud-010, North 
Range. (e) Interstitial miarolitic cavity filled dominantly with sub- to anhedral colorless 
and yellow/green epidote, and lesser REE-rich epidote and pyrite (Py). The inset shows 
detailed textural relations between the REE-rich epidote and pyrite and alteration 
minerals. Hematite replaces pyrite and chlorite replaces the REE-rich epidote. Sample: 
01-AV-436i. Host rock: Granophyre. (f) Epidote (Ep) veinlet intersecting one side of a 
miarolitic cavity filled dominantly with epidote. Sample 01-AV-491, Host rock: 
granophyre, North Range. (g) Epidote vein in which accessory REE-rich epidote is post-
dated by a colorless epidote, which in turn is overprinted by a yellow/green epidote. 
Epidote fills open spaces (i.e., interstitial miarolitic cavities) adjacent to this vein and 
contains the same epidote types (see Fig. 2.4e). Sample: 01-AV-436. Host rock: 
Granophyre. (h) Zoned quartz crystal containing epidote inclusion along growth zones 
indicating that quartz coprecipitated with epidote. This quartz crystal was used for the 
preliminary fluid inclusion study. Sample Sud-053. Host rock: Quartz gabbro, North 
Range. 
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Fig. 2.5.  Paragenetic sequence for the miarolitic cavities and veins 
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Fig. 2.6. Representative examples of various textural types of calcite: 
(a) Amygdule from an aphanitic dyke filled with quartz and calcite (Cal) hosted by the 
Onaping Formation. Sample AV-451. (b) Replacement calcite (Cal) and epidote (Ep) in 
the Dowling member of the Onaping Formation. Sample Sud-102, North range. (c) BSE 
image of a replacement carbonate patch containing epidote inclusions and surrounded by 
a K-feldpsar (Ksp)-albite (Ab) halo. Locally, a REE-bearing phase (REE-Ep) replaces the 
epidote inclusions at the contact with the enclosing carbonates. Note also the presence of 
pyrite inclusions. Sample Sud-104. Host: Onaping Formation. (d) Fine-laminated 
carbonates from the proximal lower carbonate member of the Vermilion Formation 
containing patchy calcite-sulphide mineralization, and discordant fine-grained calcite 
aggregates. Sample VDM-1. (Photo courtesy of Dr. D.E. Ames, GSC). 
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Fig. 2.7. Comparison of the LA-MC-ICP-MS and TIMS Sr isotopic data. 
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Fig. 2.8. Box-whisker plot of initial Sr isotopic ratios of epidote. 
(a) Data plotted by textural type, and (b) by host unit. Included are only the initial Sr 
isotopic ratios determined by LA-MC-ICP-MS for all the SIC- and Onaping Formation-
hosted miarolitic, vein, replacement and amygdule epidote. The TIMS data are not 
included in this figure as the different types of epidote can not be resolved and the data 
likely represent a mixed signal. MC: Miarolitic Cavity, FW: Footwall, IMC: Interstitial 
Miarolitic Cavity. References for the Proterozoic seawater and the SIC are given in the 
text. 
Note: The box covers the second and third quartiles of the data values, the whiskers 
extend out to the 10th and 90th percentiles, the central line shows the median value, and 
the separated dots indicate outliers. 
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Fig. 2.9. Box-whisker plot of initial Sr isotopic ratios for carbonates of the Onaping and 
Vermilion formations. 
Included are the various textural types of carbonates from this study and published initial 
Sr isotopic data of hydrothermal carbonates associated with base metal mineralization 
throughout the Onaping and Vermilion formations (Ames, 1999). Note: The hatched box 
includes the majority of the SIC and Onaping Formation epidote data plotted in Fig 2.7. 
The line for the Sudbury Proterozoic seawater represents the isotopic data for the 
Vermilion Formation white laminated calcite. 
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Fig. 2.10. Photomicrograph of primary liquid-vapor fluid inclusions in growth zones of 
quartz crystals. 
Epidote-quartz vein in the transition gabbro, North Range. Note the presence of epidote 
inclusions coexisting with primary liquid-vapor inclusions. Microthermometric 
measurements were carried out on fluid inclusions from various growth zones. Sample 
Sud-053. 
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Fig. 2.11. Representative isochores for the vein fluids, showing the possible range of P-T 
trapping conditions, for lithostatic and hydrostatic pressures.  
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Table 2.1. Sr isotope data for epidote and carbonate from the SIC, Onaping, Vermilion 
and Chelmsford Formations.  
 
 
 
  
UTM UTM
(East) (North)
Footwall bx 07-AV-01 Ep FW-bulk separate NR TIMS - - - 0.0051 0.71024 0.00002 0.71010 472221 5165352
Footwall bx 07-AV-01-2a Ep FW colorless NR in situ 7.1 0.05625 0.00001 0.0001 0.71092 0.00004 0.71092 472221 5165352
Footwall bx. 07-AV-01-2b Ep FW yellow/green NR in situ 7.4 0.05617 0.00002 0.0001 0.71013 0.00005 0.71013 472221 5165352
Footwall bx 07-AV-01-3a Ep FW yellow/green NR in situ 5.2 0.05645 0.00002 <0.0001 0.71008 0.00005 0.71008 472221 5165352
Footwall bx 07-AV-01-3b Ep FW colorless NR in situ 4.5 0.05641 0.00002 0.0001 0.71031 0.00005 0.71031 472221 5165352
Qtz-gabbro Sud-009-5 Ep vein-colorless NR in situ 5.4 0.05627 0.00001 0.0023 0.70831 0.00003 0.70824 468452 5162726
Qtz-gabbro Sud-009-6 Ep vein-colorless NR in situ 6.1 0.05638 0.00001 0.0036 0.70808 0.00003 0.70798 468452 5162726
Qtz-gabbro Sud-053-1 Ep vein-colorless NR in situ 1.0 0.05531 0.00010 <0.0001 0.70772 0.00013 0.70772 468452 5162726
Qtz-gabbro Sud-053-2a Ep vein-yellow/green NR in situ 10.7 0.05647 0.00001 <0.0001 0.70843 0.00004 0.70842 468452 5162726
Qtz-gabbro Sud-053-2b Ep vein-colorless NR in situ 5.2 0.05627 0.00013 <0.0001 0.70866 0.00013 0.70866 468452 5162726
Qtz-gabbro Sud-010-1 Ep MC-Blocky yellow/green NR in situ 1.3 0.05645 0.00008 0.0001 0.70710 0.00010 0.70710 468452 5162726
Qtz-gabbro Sud-010-2 Ep MC-Blocky yellow/green NR in situ 0.6 0.05621 0.00014 0.0001 0.70724 0.00016 0.70724 468452 5162726
Qtz-gabbro Sud-010-3 Ep MC-Replacement colorless NR in situ 0.2 0.05660 0.00020 0.0001 0.70991 0.00023 0.70991 468452 5162726
Qtz-gabbro Sud-021 Ep MC-bulk separate SR TIMS - - - 0.0003 0.70823 0.00001 0.70822 484110 5148052
Qtz-gabbro Sud-021-1 Ep MC-Replacement colorless SR in situ 3.4 0.05557 0.00002 0.0006 0.70793 0.00003 0.70791 484110 5148052
Qtz-gabbro Sud-021-2 Ep MC-Replacement colorless SR in situ 1.8 0.05600 0.00003 0.0004 0.70783 0.00005 0.70781 484110 5148052
Qtz-gabbro Sud-021-3 Ep MC-Replacement colorless SR in situ 1.9 0.05625 0.00002 0.0003 0.70782 0.00004 0.70781 484110 5148052
Qtz-gabbro Sud-023-1 Ep MC-Replacement colorless SR in situ 7.8 0.05614 0.00002 0.0007 0.70894 0.00004 0.70892 484110 5148052
Qtz-gabbro Sud-023-2 Ep MC-Replacement colorless SR in situ 12.9 0.05642 0.00000 0.0006 0.70765 0.00002 0.70763 484110 5148052
Qtz-gabbro Sud-055-1 Ep MC-Blocky yellow/green NR in situ 13.5 0.05634 0.00001 0.0001 0.70722 0.00002 0.70722 468452 5162726
Qtz-gabbro Sud-055-2 Ep MC-Blocky yellow/green NR in situ 1.1 0.05643 0.00008 <0.0001 0.70735 0.00008 0.70734 468452 5162726
Qtz-gabbro Sud-086-1 Ep MC-Replacement colorless SR in situ 7.7 0.05627 0.00001 0.0004 0.71105 0.00011 0.71104 511794 5159128
Qtz-gabbro Sud-086-2a Ep MC-Replacement colorless SR in situ 4.6 0.05648 0.00002 0.0015 0.70805 0.00005 0.70801 511794 5159128
Qtz-gabbro Sud-086-2b Ep MC-Replacement colorless SR in situ 3.0 0.05644 0.00003 0.0017 0.71410 0.00014 0.71405 511794 5159128
Qtz-gabbro Sud-086-2c Ep MC-Replacement colorless SR in situ 5.5 0.05643 0.00002 0.0006 0.71111 0.00011 0.71109 511794 5159128
Qtz-gabbro Sud-088-1 Ep MC-Replacement colorless SR in situ 16.6 0.05631 0.00001 0.0001 0.70919 0.00008 0.70918 511794 5159128
Qtz-gabbro Sud-088-2 Ep MC-Replacement colorless SR in situ 10.4 0.05642 0.00001 0.0005 0.70996 0.00007 0.70994 511794 5159128
Granophyre 01-AV-436v Ep vein- bulk separate NR TIMS - - - 0.0006 0.71050 0.00001 0.71049 494004 5174920
Granophyre 01-AV-436v-3 Ep vein-yellow/green NR in situ 1.3 0.05634 0.00005 0.0040 0.71763 0.00042 0.71753 494004 5174920
Granophyre 01-AV-436v-5a1 Ep vein-colorless NR in situ 2.4 0.05587 0.00005 0.0008 0.71147 0.00017 0.71145 494004 5174920
Granophyre 01-AV-436v-5a2 Ep vein-colorless NR in situ 2.3 0.05561 0.00005 0.0007 0.71071 0.00016 0.71069 494004 5174920
Granophyre 01-AV-436v-5b1 Ep vein-colorless NR in situ 1.6 0.05617 0.00006 0.0006 0.70996 0.00015 0.70994 494004 5174920
Granophyre 01-AV-436v-5b2 Ep vein-yellow/green NR in situ 1.4 0.05604 0.00005 0.0006 0.71095 0.00012 0.71093 494004 5174920
Granophyre Sud-064-1 Ep vein-colorless NR in situ 0.5 0.05331 0.00026 0.0003 0.70920 0.00023 0.70919 470527 5161482
Granophyre Sud-064-2 Ep vein-yellow/green NR in situ 2.8 0.05659 0.00002 0.0003 0.70896 0.00005 0.70896 470527 5161482
Granophyre Sud-064-3 Ep vein-yellow/green NR in situ 3.1 0.05645 0.00002 0.0003 0.70945 0.00008 0.70945 470527 5161482
Granophyre Sud-110-1 Ep vein-yellow/green SR in situ 4.0 0.05650 0.00002 0.0004 0.70864 0.00007 0.70863 484597 5150493
Granophyre Sud-110-2 Ep vein-yellow/green SR in situ 2.5 0.05651 0.00002 0.0006 0.70942 0.00007 0.70941 484597 5150493
Granophyre 01-AV-436i-1 Ep IMC-yellow/green NR in situ 1.1 0.05462 0.00010 0.0031 0.71249 0.00012 0.71241 494004 5174920
Granophyre 01-AV-436i-2 Ep IMC-yellow/green NR in situ 0.8 0.05544 0.00008 0.0064 0.71582 0.00023 0.71564 494004 5174920
Granophyre 01-AV-436i-3 Ep IMC-REE Ep NR in situ 1.4 0.05618 0.00007 0.0028 0.71076 0.00021 0.71068 494004 5174920
Granophyre 01-AV-436i-3b Ep IMC-REE Ep NR in situ 1.7 0.05613 0.00007 0.0023 0.71059 0.00019 0.71053 494004 5174920
Granophyre 01-AV-436i-4 Ep IMC-yellow/green NR in situ 0.7 0.05599 0.00012 0.0026 0.71525 0.00049 0.71518 494004 5174920
Granophyre 01-AV-436i-4b Ep IMC-yellow/green NR in situ 0.8 0.05609 0.00016 0.0004 0.71249 0.00048 0.71248 494004 5174920
Granophyre 01-AV-436i-5 Ep IMC-colorless NR in situ 0.7 0.05621 0.00008 0.0030 0.71458 0.00026 0.71450 494004 5174920
Granophyre 01-AV-436i-6 Ep IMC-colorless NR in situ 0.5 0.05583 0.00035 0.0008 0.71474 0.00027 0.71472 494004 5174920
Granophyre 01-AV-491 Ep MC-bulk separate NR TIMS - - - 0.0002 0.70745 0.00001 0.70744 469275 5160937
Granophyre 01-AV-491-3 Ep MC-av. Blocky NR in situ 22.1 0.05646 0.00000 0.0006 0.70716 0.00002 0.70715 469275 5160937
Granophyre 01-AV-491-3a Ep MC-Blocky colorless core NR in situ 24.5 0.05647 0.00001 0.0005 0.70715 0.00002 0.70714 469275 5160937
Granophyre 01-AV-491-3b Ep MC-Blocky yellow/green edge NR in situ 16.8 0.05645 0.00001 0.0008 0.70719 0.00002 0.70717 469275 5160937
Granophyre 01-AV-491-6 Ep MC-Blocky yellow/green NR in situ 11.9 0.05645 0.00001 0.0008 0.70719 0.00002 0.70717 469275 5160937
Granophyre 01-AV-491-7a Ep MC-Matrix NR in situ 1.8 0.05572 0.00011 0.0003 0.70987 0.00014 0.70986 469275 5160937
Granophyre 01-AV-491-7b Ep MC-Matrix NR in situ 0.9 0.05464 0.00019 0.0008 0.71087 0.00017 0.71085 469275 5160937
Granophyre 01-AV-491-8 Ep MC-Matrix NR in situ 0.8 0.05620 0.00006 0.0004 0.71113 0.00008 0.71112 469275 5160937
Granophyre Sud-018 Ep MC-bulk separate SR TIMS - - - 0.0006 0.70766 0.00001 0.70765 484494 5150087
Granophyre Sud-018-1 Ep MC-Blocky colorless SR in situ 0.5 0.05588 0.00013 0.0003 0.70728 0.00017 0.70727 484494 5150087
Granophyre Sud-018-2 Ep MC-Blocky colorless SR in situ 0.8 0.05634 0.00006 0.0001 0.70742 0.00008 0.70742 484494 5150087
Granophyre Sud-018-3 Ep MC-Blocky colorless SR in situ 0.4 0.05711 0.00016 0.0005 0.70718 0.00021 0.70717 484494 5150087
Granophyre Sud-113-3 Ep MC-Blocky colorless SR in situ 4.4 0.05587 0.00002 0.0002 0.70729 0.00002 0.70729 484492 5150099
Granophyre Sud-113-4 Ep MC-Blocky colorless SR in situ 5.8 0.05637 0.00001 0.0001 0.70729 0.00002 0.70729 484492 5150099
Onaping Sud-072-1 Ep MC-Replacement colorless NR in situ 0.2 0.05601 0.00034 0.0025 0.71208 0.00041 0.71202 498690 5175157
Intrusion Sud-072-2 Ep MC-Replacement colorless NR in situ 0.5 0.05656 0.00015 0.0011 0.70955 0.00020 0.70952 498690 5175157
Onaping Intrusion Sud-072-3 Ep MC-Replacement colorless NR in situ 0.3 0.05648 0.00018 0.0033 0.71083 0.00026 0.71074 498690 5175157
(87Sr/86Sr)i87Rb/86Sr (87Sr/86Sr)m ±2s88Sr (V) 84Sr/86Sr ±2sNoteHost unit Sample/Crystal # Mineral Type of sample Range
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Table 2.1 (Cont’d) 
 
 
Notes: 
MC: Miarolitic cavity, IMC: interstitial miarolitic cavity, Ep: epidote, Cal: calcite, REE-
Ep: REE-rich epidote. 
* = Age correction for the TIMS values was made using the  87Rb/86Sr data determined by 
LA-MC-ICP-MS for the same samples 
** = Age correction for the TIMS values was made using the 87Rb/86Sr data determined 
by LA-MC-ICP-MS for the mineralized Vermilion Formation calcite 
UTM coordinated for samples AV-451 and VDM-1 are approximated 
 
  
UTM UTM
(East) (North)
Onaping Fm AV-451b-1 Cal amygdule NR in situ 4.4 0.05607 0.00003 0.1101 0.70861 0.00005 0.70568 472343 5161087
Onaping Fm AV-451b-3 Cal amygdule NR in situ 7.8 0.05612 0.00001 0.0554 0.71197 0.00004 0.71049 472343 5161087
Onaping Fm AV-451c-1 Cal amygdule NR in situ 0.3 0.05035 0.00028 0.0081 0.70997 0.00020 0.70976 472343 5161087
Onaping Fm AV-451c-2 Cal amygdule NR in situ 0.4 0.05642 0.00013 0.0025 0.70944 0.00014 0.70938 472343 5161087
Onaping Fm AV-451c-3 Cal amygdule NR in situ 0.5 0.05697 0.00013 0.0012 0.70947 0.00019 0.70944 472343 5161087
Onaping Fm Sud-104-1 Cal replacement NR in situ 2.5 0.05119 0.00007 0.1246 0.71059 0.00010 0.70727 482692 5167766
Onaping Fm Sud-104-2 Cal replacement NR in situ 3.1 0.05473 0.00006 0.0901 0.71205 0.00028 0.70965 482692 5167766
Onaping Fm Sud-102-1 Ep replacement NR in situ 0.8 0.05529 0.00011 0.0033 0.70971 0.00011 0.70962 482605 5167723
Onaping Fm Sud-102-2 Ep replacement NR in situ 0.9 0.05620 0.00009 0.0037 0.71029 0.00026 0.71019 482605 5167723
Onaping Fm. Sud-102-4 Cal replacement NR in situ 0.2 0.05776 0.00039 0.0134 0.70557 0.00055 0.70522 482605 5167723
Onaping Fm Sud-103-1 Ep replacement NR in situ 1.0 0.05573 0.00007 0.0399 0.71003 0.00012 0.70897 482642 5167749
Onaping Fm Sud-103-2 Ep replacement NR in situ 0.8 0.05609 0.00015 0.0092 0.70953 0.00025 0.70929 482642 5167749
Onaping Fm Sud-092-1a Ep amygdule SR in situ 0.6 0.05562 0.00011 0.0025 0.70876 0.00018 0.70870 474722 5152220
Onaping Fm Sud-092-2a Ep amygdule SR in situ 0.9 0.05609 0.00009 0.0017 0.70964 0.00020 0.70960 474722 5152220
Onaping Fm Sud-092-2b Ep amygdule SR in situ 0.6 0.05588 0.00013 0.0030 0.71086 0.00041 0.71078 474722 5152220
Onaping Fm Sud-095-1 Cal amygdule SR in situ 1.7 0.05620 0.00004 0.0003 0.71478 0.00013 0.71478 474778 5152349
Onaping Fm Sud-095-2 Cal amygdule SR in situ 1.3 0.05666 0.00007 0.0002 0.71393 0.00023 0.71393 474778 5152349
Onaping Fm Sud-095-3 Cal amygdule SR in situ 0.4 0.05838 0.00076 0.0051 0.71431 0.00090 0.71417 474778 5152349
Onaping Fm Sud-096-1 Cal amygdule SR in situ 4.2 0.05532 0.00004 0.0602 0.71259 0.00004 0.71098 474778 5152349
Onaping Fm Sud-096-3 Cal amygdule SR in situ 4.0 0.05589 0.00002 0.0433 0.71406 0.00005 0.71291 474778 5152349
Vermilion Fm VDM-1 Cal white lamination-bulk separate SR TIMS - - - - 0.70661 0.00001 0.70295 471661 5151676 *
Vermilion Fm VDM-1 Cal white lamination SR in situ 1.5 0.05602 0.00003 0.1373 0.70661 0.00005 0.70296 471661 5151676
Vermilion Fm VDM-1 Cal grey lamination-bulk separate SR TIMS - - - - 0.70816 0.00001 0.70513 471661 5151676 *
Vermilion Fm. VDM-1 Cal grey lamination SR in situ 1.9 0.05635 0.00002 0.1138 0.70687 0.00005 0.70384 471661 5151676
Vermilion Fm VDM-1 Cal discordant-bulk separate SR TIMS - - - - 0.71378 0.00001 0.71133 471661 5151676 **
Vermilion Fm VDM-1 Cal mineralized-bulk separate SR TIMS - - - - 0.70894 0.00001 0.70649 471661 5151676 *
Vermilion Fm VDM-1 Cal mineralized SR in situ 2.3 0.05640 0.00004 0.0920 0.70995 0.00006 0.70750 471661 5151676
Chelmsford Fm. Sud-006-1 Cal concretion SR in situ 1.5 0.05632 0.00007 0.0007 0.70555 0.00021 0.70553 478619 5157418
Chelmsford Fm Sud-006-2 Cal concretion SR in situ 1.2 0.05635 0.00009 0.1477 0.70972 0.00085 0.70579 478619 5157418
Reference NBS SRM987 Sr carbonate n=17 solution 9.5 0.056462 0.000018 0.710276 0.000006
Material NRC FEBS-1 otolith n=16 solution 9.3 0.056455 0.000014 0.709196 0.000002
NRC FEBS-1 otolith n=16 in situ 14.6 0.05651 0.00001 0.70920 0.000004
87Rb/86Sr (87Sr/86Sr)m ±2s (
87Sr/86Sr)iHost unit Sample/Crystal # Mineral Type of sample Range Note 88Sr (V) 84Sr/86Sr ±2s
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CHAPTER 3 
Major and Trace element Geochemistry of Hydrothermal Minerals from the 
Sudbury Structure: Implications for Fluid Architecture 
 
3.1. Introduction 
 
This contribution deals with the nature of the hydrothermal system and associated water-
rock interaction in the Sudbury structure, Ontario, Canada (Fig. 3.1), which is considered 
to be the remnant of a 1.85 Ga meteorite impact (Krogh et al., 1984; Corfu and Lightfoot, 
1996; Deutsch et al., 1995; Grieve and Therriault, 2000). This structure comprises a 
layered mafic to intermediate melt sheet (the ~2.5 km-thick Sudbury Igneous Complex; 
SIC) that is sequentially overlain by fall-back breccias and associated intrusive bodies of 
the 1.4 km-thick Onaping Formation, fine-grained laminated carbonates (the Vermilion 
Formation), and a succession of post-impact sedimentary rocks in the innermost part of 
the crater basin (Ames et al., 2006; Ames et al., 2008). This sequence, and the underlying 
basement, have been affected by hydrothermal circulation at different levels of the 
structure, and represents a large, well-exposed paleo-hydrothermal system postulated to 
involve orthomagmatic fluids exsolved from the SIC (Ames et al., 2001, Galley et al., 
2002, Therriault et al., 2002), circulation of contemporaneous Proterozoic seawater above 
the SIC (Ames, 1999, Ames et al., 2006), and the passage of footwall-derived fluids 
through the SIC (Farrow and Watkinson, 1999; Molnár and Watkinson, 2001).  
 
A variety of studies of the SIC footwall environment, in proximity to Ni-Cu PGE 
mineralization, have postulated multiple generations of fluids of variable composition, 
based on mineralogy, mineral chemistry, fluid inclusions (microthermometry Scanning 
Electron Microscopy [SEM], Gas Chromatography [GC], Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry [LA-ICP-MS]), and radiogenic and stable isotopic 
data (e.g., Farrow and Watkinson, 1997; Molnár et al., 1999; Marshall et al., 1999; 
Molnár and Watkinson, 2001; Hanley and Mungall, 2003; Hanley et al., 2005). Above the 
SIC, Ames (1999) provided detailed information on the hydrothermal alteration of the 
Onaping Formation, mainly based on geological mapping, petrographic observations, and 
69 
 
 
whole rock geochemistry, and, to a lesser extent, major element mineral chemistry of 
selected alteration assemblages.  
 
Strontium isotopic studies of epidote and calcite from various stratigraphic levels of the 
Sudbury Structure (Chapter 2) indicate that: 1) early epidote in miarolitic cavities in the 
SIC has isotopic compositions similar to that of the SIC, indicating precipitation from 
orthomagmatic fluids exsolved from the SIC, 2) late replacement miarolitic epidote with 
higher 87Sr/86Sr values precipitated from more radiogenic fluids that were most likely 
derived from the basement, 3) epidote with high Sr isotopic ratios, which likely also 
precipitated from basement-derived fluids, also occurs in footwall cavities and in epidote 
veins throughout the SIC, 4) high 87Sr/86Sr values in the replacement and amygdule 
epidotes hosted by the Onaping Formation indicate precipitation from fluids isotopically 
similar to the SIC-hosted replacement and vein epidote fluids, 5) Vermilion Formation 
syngenetic carbonates (at the top of the system) precipitated from Proterozoic seawater, 
as did some underlying, Onaping Formation-hosted replacement and amygdule calcite, 6) 
Vermilion Formation-hosted epigenetic calcite with higher 87Sr/86Sr values indicate 
precipitation from seawater that was isotopically modified through interaction with the 
Onaping Formation lithic fragments, or alternatively precipitation from fluids isotopically 
similar to the SIC-hosted replacement and vein epidote. 7) high 87Sr/86Sr values in most 
replacement and amygdule calcite hosted by the Onaping Formation, also indicate 
precipitation from fluids isotopically similar to the SIC-hosted replacement and vein 
epidote, and  8) as a whole the 87Sr/86Sr data indicated that footwall-derived fluids rose up 
through the SIC, and reached the Onaping Formation. 
 
In this study, I present the results of combined field, petrographic, Electron Microprobe 
Analysis (EMPA) and LA-ICP-MS elemental analysis of selected samples of 
hydrothermal epidote, alkali feldspar, and calcite from different locations and at different 
levels within the Sudbury structure (i.e., footwall, SIC, Onaping and Vermilion 
formations). These hydrothermal precipitates represent the products of the fluids that have 
circulated through the Sudbury structure, and their major- and trace-element 
characteristics can be used to assess the character and hydrothermal architecture of the 
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Sudbury hydrothermal system and further examine the role of various postulated fluids in 
the hydrothermal system, in the context of the constraints imposed by the Sr isotopic data 
(Chapter 2). For example, how does the chemistry of epidote precipitated from SIC-
derived magmatic fluids compare to the chemistry of the parent magma, and how does the 
chemistry of carbonates high in the system compare to the chemistry of marine 
carbonates. In general, the usefulness of the major and trace element chemistry, especially 
the REE systematics, of the hydrothermal epidote, K-feldspar and calcite, as a proxy for 
fluid chemistry, will be tested. Emphasis is given to the hydrothermal subsystem within 
and overlying the SIC.  
 
This study provides further insights into the origin of the hydrothermal fluids that 
circulated through and around the SIC. In a broader context, this research is of relevance 
because the overall geometry of the SIC/Onaping/Vermilion hydrothermal system can be 
considered an analogue for submarine oceanic hydrothermal systems and their associated 
base metal mineralization (e.g., VMS deposits) (cf. Alt, 1999; Hannington et al., 2003). In 
this type of system, the fluids are essentially of sea-water origin, and circulate through a 
sequence of sediments, basalts and sheeted dikes, underlain by a large gabbroic intrusion, 
which acts as a heat source, promotes hydrothermal fluid circulation, and is potentially 
the source of a minor magmatic fluid component to the overlain seawater-dominated 
hydrothermal system (cf. Alt, 1999; Hannington et al., 2003). This study is also of 
relevance in the context of hydrothermal circulation around large layered mafic to 
intermediate intrusions, intermediate-mafic intrusions in general, and other terrestrial 
impact structures in which hydrothermal alteration has also been recognized as an 
important characteristic (cf. Naumov, 2002, 2005; Ames et al., 2004). In these 
environments, aqueous solutions predominate and involve meteoric and ground water in 
addition to products of dehydration and degassing due to the impact-related processes. 
Most studies of terrestrial impact structures (e.g., at Chicxulub (Mexico), the Haughton 
crater (Canada), Ries (Germany), Chesapeake Bay (USA)) have been  restricted to whole 
rock geochemistry and fluid inclusion microthermometry, in combination with optical 
and SEM microscopy, occasionally mineral chemistry (Ames et al., 2004; Osinski, 2005; 
Osinski et al., 2005) and, to a lesser extent, numerical modeling (Sandford, 2005).  
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3.2. Background 
 
3.2.1 General Geological and Stratigraphic Setting 
 
The Sudbury Structure is located in the southern Canadian Shield (Fig. 3.1), at the 
boundary between the Archean Superior Province to the NW, and Paleoproterozoic rocks 
of the Southern Province to the SE (Card et al., 1984; Rousell et al., 1997; Ames et al., 
2005; Ames et al, 2008). It is recognized as the remnant of a 1.85 Ga, ~200 km diameter 
meteorite impact crater (Deutsch et al., 1995; Grieve and Therriault, 2000). There are 
three major components to the structure (Fig. 3.2): 1) the Sudbury Breccia, which 
underlies the SIC and comprises country-rock fragments in a fine-grained to aphanitic 
matrix; 2) the ~2.5-3.0 km thick Sudbury Igneous Complex (SIC), a crustally-derived 
melt sheet that comprises, from bottom to top, the contact sub-layer, mafic and felsic 
norite, quartz-gabbro, and granophyre (Therriault et al., 2002; Ames et al., 2008); 3) The 
inner crater basin, including, from base to top, the 1.4 km-thick fall-back breccias of the 
Onaping Formation, carbonate sedimentary rocks of the Vermilion Formation, and 
siliciclastic sedimentary rocks of the Onwatin and Chelmsford formations (Ames et al., 
2008). The Vermilion Formation comprises a lower carbonate member (consisting of 
proximal and distal carbonate mound facies), a grey argillaceous member and, an upper 
carbonate member (Ames, 1999). Several concentric and radiating quartz-diorite offset 
dikes, related to the SIC, intrude the footwall rocks (Lightfoot et al., 1997; Ames et al., 
2008).  The Onaping Intrusion is a discordant, discontinuous clast-rich, igneous-textured 
body that caps the SIC, and locally intrudes the Onaping Formation and has been 
interpreted as the impact melt (Ames, 1999; Ames and Gibson, 2004; Gibbins et al., 
2004, Ames et al., 2005, 2006; Ames et al., 2008). 
 
The entire SIC has been interpreted as single differentiated melt sheet (e.g., Lightfoot et 
al., 1997; Therriault et al., 2002; and references therein), or as two separate intrusions 
represented by the norite and the granophyre (e.g. Chai and Eckstrand, 1994). Therriault 
et al. (2002) described the occurrence of primary hydrous minerals (hornblende and 
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biotite), abundant deuteric alteration, and the widespread occurrence of micrographic and 
granophyric intergrowths and, consequently, suggested that the melt was water-rich and 
became fluid-saturated, and that the granophyric and other disequilibrium textures were 
possibly the product of rapid crystallization due to exsolution of a volatile phase. 
According to Ames et al. (2001) and Ames (2002), there is a regionally mapable zone of 
abundant miarolitic cavities in the upper/middle granophyre (Fig. 3.2), which these 
authors suggested represents a zone of concentrated residual fluids.  
 
The overlying Onaping Formation has been divided from base to top into three members 
(Fig. 3.2), namely the Garson, Sandcherry and Dowling (including seven depositional 
units) members, on the basis of vitric fragment morphology and variations in the relative 
proportions of vitric fragments to matrix. This sequence is intruded by numerous intra-
formational aphanitic or igneous textured dikes and sills at different stratigraphic levels 
(Ames, 1999; Ames et al., 2002; Ames et al., 2006). These dikes are characterized by 
spherulitic and amygdaloidal textures (Ames, 1999), which also suggest exolution of 
volatile phases. 
 
3.2.2 Chemistry of the SIC and Onaping Formation 
 
Previous studies have shown that, although the absolute concentration of trace elements 
(REE, LILE, and HFSE) vary over an order of magnitude through the stratigraphy of the 
SIC, the ratios of incompatible trace elements (e.g., La/Sm) are similar (Lightfoot et al., 
1997a,b,c). These authors showed that, on multi-element plots, the trace element 
characteristics of the mafic norite, quartz gabbro and granophyre, are basically 
indistinguishable from that of the felsic norite, except that the granophyre and quartz 
gabbro, when normalized to the felsic norite, display significant negative Eu, Sr, P and Ti 
anomalies, which they interpreted to reflect the lower abundance of plagioclase, apatite 
and ilmenite/titanomagnetite in the upper units.  Ames et al. (2002) used a similar 
approach and showed that the incompatible trace element composition of the least altered 
Onaping Formation, and the ratios of incompatible elements (e.g., La/Sm) are relatively 
uniform and similar to that of the felsic norite.  They attributed some of the differences, 
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such as variable Ba, Rb and U concentrations and La/Sm ratios, to more intense alteration 
(albitization and/or silicification) towards the base of the Onaping Formation. Ames et al. 
(2002) also noted that the Onaping Formation has negative K, Sr, Eu, and P anomalies 
relative to the felsic norite, and indicated that the K and Sr depletions are likely due to 
alteration, whereas the Eu and P anomalies reflect the abundance of apatite and feldspar. 
 
Lightfoot et al. (2001) showed that the different units of the SIC exhibit a strong positive 
correlation between Ni and Cu, and that the Ni/Cu ratios (~1) of these rocks are similar to 
those of the footwall ores. These authors also postulated that anomalously high Cu and S, 
and to a lesser extend P, Ti and Mg concentrations, observed in the granophyre and quartz 
gabbro, were the result of post-crystallization hydrothermal mobilization. Ames et al. 
(2002) showed that the least altered Onaping Formation has variable Cu contents (9 to 
600 ppm), and suggested that this variability is related to the mobility of Cu due to 
hydrothermal circulation, although the Ni/Cu ratios (~1.2) are similar to the SIC and 
footwall ores.  
 
Chondrite-normalized REE patterns of all the SIC units and Onaping Formation are 
characterized by LREE enrichment. However, there are differences in the absolute 
abundances of REE through the different lithologies of the SIC, generally increasing from 
base to top. The Eu anomalies are close to unity (or weakly positive in the norites), and 
negative in the quartz gabbro and granophyre (e.g. Kuo and Crocket, 1979; Chai and 
Eckstrand, 1994; Lightfoot et al., 2001; Therriault et al., 2002). 
 
3.2.3 Mineralization 
 
The Sudbury structure is famous for its magmatic Ni-Cu-PGE ores that occur around the 
footwall of the SIC (Fig. 3.2) (Corfu and Lightfoot, 1996; Ames et al., 2008; Naldrett et 
al., 1999). In some deposits, multistage hydrothermal fluid circulation played an 
important role in the redistribution and enrichment of primary magmatic Ni-Cu-PGE ores 
(Farrow and Watkinson, 1997; Molnár et al., 1997; Molnár et al., 1999; Molnár and 
Watkinson, 2001; Farrow and Lightfoot, 2002; Hanley et al., 2005). 
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Above the SIC, hydrothermal sulphide mineralization includes: 1) disseminated 
sphalerite-chalcopyrite-pyrrhotite-galena-arsenopyrite-pyrite in the Onaping Formation, 
2) semi-massive and disseminated Zn-, Pb-, Cu-, Ag- and Au-bearing sulphides in the 
Vermilion Formation, and 3) pyrite and local base metals in the Onwatin Formation (Fig. 
3.2) (Rousell, 1984a,b; Ames et al., 2006; Ames et al., 2008). The disseminated sulphides 
in the Onaping Formation are considered to have been derived from sulphide minerals 
contained in the impacted rocks, whereas the Vermilion ores and some of the Zn-Pb 
mineralization at the top of the Onaping Formation are considered syngenetic (i.e. 
exhalative) (Rousell, 1984b). A model involving sub-sea floor replacement of the original 
Vermilion carbonates is currently accepted (Ames, 1999; Ames et al., 2006, and 
references therein). 
 
3.2.4 Hydrothermal Activity Within and Around the SIC 
 
Below the SIC: Hydrothermal alteration in the footwall to the SIC is complex and was 
caused mainly by magmatic fluids and deep formational brines (Farrow and Watkinson, 
1997; Molnár et al., 1999; Marshall et al., 1999; Molnár and Watkinson, 2001; Molnár et 
al., 2001; Hanley and Mungall, 2003; Hanley et al., 2005; Ames and Farrow, 2007). Fluid 
temperatures of about 380 to 480 °C have been estimated from fluid inclusion data 
(Farrow and Watkinson, 1997; Molnár and Watkinson, 2001; Farrow and Lightfoot, 
2002; Hanley and Mungall, 2003). Hydrothermal alteration consists mainly of actinolite + 
chamosite + epidote + albite + quartz ± scapolite ± magnetite ± biotite ± K-feldspar ± 
titanite (e.g., Hanley and Mungall, 2003; Hanley et al., 2006).  Most such studies have 
focussed on rocks associated with the Ni-Cu-PGE mineralization, such that the broader 
spatial distribution of hydrothermal alteration at the base of the SIC is not well 
understood. Miarolitic cavities have been observed in the central parts of granophyric 
microdikes and irregular bodies that crosscut magmatic sulfides and footwall breccias at 
the base of the SIC. These miarolitic cavities consist of euhedral quartz-feldspar rims with 
central fillings of chlorite, epidote, and actinolite (Molnár et al., 2001).  
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Within the SIC: Hydrothermal alteration of SIC rocks is represented by the common 
replacement of plagioclase by white mica and epidote, actinolite after pyroxene, and 
chlorite and secondary biotite after amphibole (Therriault et al., 2002).  Evidence of 
volatile saturation in the SIC is indicated by miarolitic cavities, which are concentrated 
mainly in the central to upper part of the granophyre and syn-crystallization structures 
(e.g., pegmatitic and aplitic dykes) in the quartz gabbro (Fig. 3.2) (Ames et al., 2001; 
Ames, 2002). Based on their postulated two-intrusion model for the origin of the SIC, 
Chai and Eckstrand (1994) proposed that the norite was a potential source for the fluids 
responsible for the intense hydrothermal alteration that is observed in the overlying 
granophyre, thus explaining the occurrence of altered plagioclase with epidote inclusions 
in the latter. 
 
Above the SIC: In the Onaping Formation, hydrothermal activity is manifested as: basin-
wide semi-conformable quartz, chlorite, and calcite alteration zones; more localized veins 
and alteration zones of epidote and K-feldspar; amygdules in aphanitic dikes and peperite 
complexes; albite alteration spatially related to aphanitic dikes; and base metal 
mineralization.  In the Vermilion Formation, evidence for hydrothermal input comprises 
the 6.4 Mt Errington and Vermilion base-metal deposits.  In the Onwatin sedimentary 
rocks, metal halos above the Vermillion base-metal deposit indicate continued 
hydrothermal activity during deposition of these sediments (Ames et al., 1998, 2002; 
2006).  
 
At the base of the Onaping Formation (i.e., adjacent to the SIC), circulation of high 
temperature fluids (> 340 °C) has been inferred from the occurrence of pervasive to 
patchy silicification. The flow of relatively hot aqueous fluids at higher stratigraphic 
levels within the Onaping sequence (the Dowling member) has been inferred from 
calcite-poor zones containing volumetrically lesser proportions of quartz ± chlorite ± 
epidote alteration and disseminated base metal mineralization, which form discordant 
corridors within zones of basin-wide semi-conformable calcite alteration (Ames, 1999, 
Ames at al., 2002). By analogy with other geothermal systems, Ames (1999) postulated 
that the formation temperatures for the semi-conformable calcite alteration were <~180 
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°C. The calcite-poor zones have been postulated to represent conduits along which hotter 
aqueous fluids/volatiles, derived from the SIC, circulated through the Onaping Formation 
(Ames, 1999; Ames et al., 2002). Calcite-poor zones are also found adjacent to peperite 
pods in the upper Dowling member, and associated with mineralized carbonates of the 
overlying Vermilion Formation (Ames, 1999). Fluids with temperatures of ~250-300 °C 
were inferred to be responsible for the albite- and actinolite-rich assemblages that occur 
in the vicinity of intraformational aphanitic dikes and intrusive bodies at the base of the 
Onaping Formation (Ames, 1999).  
 
Ames et al. (1998) obtained a U-Pb radiometric age of 1850 Ma from hydrothermal 
titanite in an albitized halo around an actinolite vein.  This was considered to represent 
the age of the hydrothermal system in the hanging wall to the SIC, and is similar to 
previously reported U-Pb radiometric ages of the shocked rocks, the main mass of the 
SIC, the sublayer, and offset dikes (e.g. Krogh et al., 1984; Krogh et al., 1996; Corfu and 
Lightfoot, 1996), confirming a spatial and temporal relationship between the 
emplacement of the SIC, the Onaping Formation, and the hydrothermal activity above the 
SIC. The duration of this hydrothermal event has been postulated to be significantly less 
than ~1 m.y. (i.e., from tens to hundreds of thousands of years), assuming that most of the 
heat loss was caused by convection of hydrothermal fluids (as opposed to conduction), as 
indicated by the extensive hydrothermal alteration observed in the Onaping Formation, 
and by analogy with heat-flow studies in mid ocean ridges (Ames et al., 1998). Within the 
Onaping Formation, epidote is uncommon, and mainly restricted to the lower units, close 
to the contact with the granophyre, where it is associated with quartz-epidote-pyrrhotite-
chalcopyrite-sphalerite assemblages, in pods of epidote-pyrite mineralization, and 
associated with calcite-poor zones ± quartz ± chlorite ± epidote that are enclosed by semi-
conformable calcite alteration. 
 
Based on textural, mineralogical, and field evidence (Ames, 1999; Ames et al., 2002; 
Ames et al., 2005), a series of events have been proposed for the development of the 
hydrothermal alteration that occurs above the SIC. Early, low-temperature diagenetic 
alteration and devitrification was overprinted by complex semi-conformable and 
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stratigraphically-restricted alteration zones.  The principal events were: (1) basin-wide 
semi-conformable calcite alteration, (2) albitization related to the intrusion of the 
aphanitic dikes and associated fluidal-fragment units, which predated or was synchronous 
with chloritization, and postdated semi-conformable calcite alteration, (3) silicification, 
which overprinted albitization, and (4) fracture-controlled silicification that postdated 
albitization, chloritization and the semi-conformable calcite alteration.  The calcite-poor 
zones were synchronous with or postdated albitization. 
 
3.3 Analytical Methods 
 
A summary of the types of samples studied is given in (Table 3.1). The trace element 
composition of epidote, alkali feldspar and calcite was measured using laser-ablation 
inductively-coupled mass spectrometry (LA-ICP-MS). The major element composition of 
selected samples of epidote and alkali feldspars was analyzed by electron microprobe 
(EMPA). In addition, the samples were characterized using optical and SEM microscopy 
and energy-dispersive spectroscopy. All analyses were performed on standard polished 
thick sections.  
 
3.3.1 EMPA 
 
The EMPA measurements were performed at the University of Michigan Electron 
Microbeam Analysis Laboratory (EMAL), using a CAMECA SX100 with five X-ray 
Wavelength Dispersive Spectrometers (WDS). Operating conditions were: accelerating 
voltage 15 - 20 kV, sample current 10 nA , counting time 20 seconds, and ~2 µm electron 
beam diameter. Epidote was analyzed for MgO, Al2O3, SiO2, CaO, TiO2, MnO, and FeO, 
using a tanzanite standard and a ZAF correction. Alkali feldspars were analyzed for 
Na2O, MgO, Al2O3, SiO2, CaO, TiO2, MnO, K2O and FeO using a variety of synthetic 
and natural crystals as standards. The aim of the EMPA determinations was to confirm 
the identity of the epidote and alkali feldspar analyzed, and mainly to provide precise 
major element determinations for internal standardization in the LA-ICPMS experiments. 
The carbonates were not analyzed by EMPA. SEM/EDS analysis indicated, however, that 
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MgO, MnO, or FeO are not essential components and thus the carbonates analyzed were 
calcite. For both the Onaping Formation-hosted calcite and epidote the EMPA data 
reported by Ames (1999) was used as internal standardization for the LA-ICP-MS 
analyses. 
 
3.3.2 LA-ICP-MS 
 
Laser-ablation ICP-MS analysis was conducted at the Great Lakes Institute for 
Environmental Research at the University of Windsor. Most epidote and carbonate 
samples were analyzed using a solid-state, 266 nm, Nd:YAG laser, whereas the feldspar 
and some epidote and carbonate samples were analyzed using a Quantronix Integra C 785 
nm, diode-pumped, YLF (yttrium-lithium fluoride) ultra-fast (130 femtosecond) laser. 
Sample ablation was conducted in an Ar gas-filled sampling cell mounted to the stage of 
a modified polarizing microscope. The ablated material was transported from the ablation 
cell to the ICP-MS using Ar as the carrier gas. Elemental analysis was performed using a 
Thermo-Elemental X Series II ICP-MS, and instrument calibration was accomplished 
using NIST glass standard 610. The set of elements analyzed included selected major 
elements that were also analyzed by EMPA, and which were used for internal 
standardization (e.g., Ca for the epidote and calcite, and Al for the feldspars).  Trace 
elements analyzed were Rb, Sr, Ba, REE, Y, Ni, Cu, Zn, Pb, Th and U. Lithium and Cs 
were also analyzed in the feldspars. The list of trace elements was selected based on 
published data on these minerals, and preliminary experiments to determine if these 
elements were present in detectable quantities. The precision, accuracy and limits of 
detection of the experiments conducted with the Nd:YAG laser are comparable to those 
reported by Gagnon et al. (2008), whereas those of the experiments conducted with the 
femtosecond laser system are similar to those reported by Shaheen et al. (2008). Further 
details concerning the instrument specifications, operation and calibration are presented 
in Gagnon et al. (2008) and Shaheen et al. (2008). 
 
In the laser ablation experiments, the gas blank was initially analyzed for 60 seconds prior 
to ablation, to allow for background corrections. The laser was then switched on, and the 
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sample was ablated along transects across the crystal for up to 60 sec, depending on the 
size of the crystal. The ablation process was carried out using a laser beam diameter of 
~25 μm in epidote, ~25 μm in alkali feldspar, and ~ 25 to 40 μm in calcite. The ablation 
traverse speed ranged from 5 to 7 μm/s. Data treatment of the time-resolved laser ablation 
spectra to obtain trace element concentration was achieved using Microsoft®  Excel® 
spreadsheet software, and involved background correction by subtracting the gas blank 
intensity (counts per second - cps) from the sample plus gas intensity (cps), and 
integration of selected regions. The integration regions used in the calculation of 
concentrations, were selected by visual inspection of the spectra in a time-resolved plot of 
intensity in raw cps using commercial graphic software (Grapher™) and simultaneous 
comparison with images of the laser transect and visual inspection under the microscope. 
The integrated regions roughly corresponded to optically homogenous crystals (e.g., 
blocky epidote crystals, or blocky albite crystals), or, where possible, zones within 
individual crystals (e.g., core and edge). The spatial resolution was, however, limited by 
the laser beam size and ablation speed to integration regions of ~50 to 70 μm. Spikes in 
the signal that potentially corresponded to inclusions present along the laser transects 
were not selected as part of the integration region. The ablation process was monitored 
through a CCD camera, and notes were taken when the laser beam intersected an 
inclusion or there was a phase change.  
 
3.4. Results 
3.4.1 Petrography 
3.4.1.1 SIC-Hosted Miarolitic and Vein Epidote and Feldspars 
 
In the Sudbury structure, hydrothermal epidote and alkali feldspar are found in miarolitic 
cavities and veins throughout the footwall breccias, quartz-gabbro, granophyre and 
Onaping intrusion (Fig. 3.2). The miarolitic cavities display rounded to irregular shapes 
and range from a few mm to a few cm in maximum diameter. Most cavities consist of an 
outer rim of graphic quartz, K-feldspar, and albite.  In some cavities or parts of cavities, 
K-feldspar is absent, and the rim comprises either graphic quartz and albite or albite only 
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(see Appendix 2, Fig. A2a). In the latter case, the albite crystals display euhedral shapes 
and project into the cavities (Fig. A2a). Epidote, zircon, titanite, chlorite and hematite 
inclusions are common in these graphic quartz-albite ± K-feldspar intergrowths. Small 
pores (typically 5 to 10 µm), with rounded or irregular shapes, are present within the 
albite and K-feldspar, or at the contact between these feldspars and quartz (see Appendix 
2). The studied cavities from the Onaping intrusion are different in that the outer rim is 
composed of K-feldspar only (see chapter 2, Fig. 2.3b).  
 
The inner portion of the cavities is typically filled with quartz and medium- to coarse-
grained and sub- to euhedral epidote (i.e., blocky crystals) with colourless to yellow/green 
pleochroism (Fig. 3.3a).  These minerals are intergrown with lesser proportions of 
hornblende, biotite, and accessory REE-rich epidote and chlorite. The latter mineral 
replaces biotite, hornblende, the REE-rich epidote and, locally, the blocky epidote. 
Epidote replaces albite in the cavity rim (Fig. 3.3a). The REE-rich epidote is also replaced 
and veined by allanite. Similar textures are also observed where REE-rich epidote is 
present in veins and in cavities in the footwall breccias. A second type of epidote 
(replacement epidote) is also colourless to pale-yellow and of lower birefringence than 
the blocky epidote. This replacement epidote occurs adjacent to fractures and as 
discordant and patchy replacement zones irregularly distributed through the blocky 
epidote (Fig. 3.3b). Generally, this replacement epidote occurs in cavities that are 
associated with zones of K-feldspar alteration in the surrounding rocks. In one cavity, late 
replacement epidote also occurs as matrix to the blocky epidote (Chapter 2, Fig. 2.4b). 
 
In some miarolitic cavities, K-feldspar (Fig. 3.3c) or chlorite are the dominant phases 
filling the central part of the cavity. Some other cavities display a partially void core 
(Chapter 2, Fig. 2.3c).  Cavities in the granophyre and Onaping intrusion occur as isolated 
features, whereas in the quartz-gabbro they are associated with patches of K-feldspar 
alteration, or in some cases are hosted by pegmatitic dykes (see Chapter 2). A subtype of 
smaller cavities of similar mineralogy occurs interstitially to quartz and feldspar in the 
granophyre, and will be referred to as interstitial miarolitic cavities. 
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The overall paragenetic sequence (Fig. 2.5, Chapter 2) is as follows: (1) outer rim of 
albite±graphic quartz, (2) Euhedral albite crystals in the cavity rims, (3) in the central part 
of the cavities the REE-rich epidote followed the precipitation of the euhedral albite, (4) 
quartz precipitated next as it occurs as a discontinuous rim around the central epidote-rich 
portion of cavities and blocky epidote occurs interstitially to euhedral quartz (see Fig. 
A2c).  Some epidote, however, is intergrown with quartz, and epidote occurs as 
inclusions in quartz, indicating that precipitation of these two minerals overlapped, (5) 
hornblende and biotite coprecipitated with quartz and the blocky epidote, (6) chlorite 
precipitated late as it replaces the REE-rich epidote, hornblende, biotite, and, in some 
cavities, the blocky epidote (Fig. 3.3d), (7) subsequently, the late replacement and matrix 
epidote precipitated, (8) K-feldspar precipitated simultaneously with the replacement 
epidote, and postdates quartz, the blocky epidote and chlorite as K-feldspar is found in the 
center of some cavities that have a discontinuous rim of quartz, blocky epidote and 
chlorite, (9) the colourless epidote in the interstitial miarolitic cavities is likely the 
equivalent of the later replacement epidote in the larger miarolitic cavities, and was 
subsequently overprinted by the late yellow/green epidote in the interstitial cavities that is 
also present in the veins. This late variety seen in the veins and small cavities does not 
appear to be present in the larger cavities. 
 
Veins vary from mm to cm in thickness and display a similar mineralogy to the cavities, 
and in some cases intersect miarolitic cavities (Fig. 3.3e). The dominant mineral in the 
veins is anhedral to subhedral, fine- to coarse-grained epidote.  The veins also have lesser 
proportions of quartz and K-feldspar, and commonly have a chlorite alteration halo (Fig. 
3.3f). Two main epidote phases are present in the veins: an early, colorless epidote that is 
post-dated by a yellow/green epidote (Fig. 3.3g). Early, REE-rich epidote can also be 
present as an accessory phase in the veins. This type of epidote can be replaced by 
chlorite, veined and replaced by fine-grained, allanite aggregates, and veined and replaced 
by the main colorless and yellow/green epidote phases (Fig. 3.3h). The fine-grained 
replacement and vein allanite was not observed outside the accessory REE-rich epidote 
crystals (Figs. 3.3g,h) and crosscuts the chlorite alteration.  
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In the veins, the overall crystallization sequence (Fig. 2.5, Chapter 2) can be summarized 
as follows:  (1) precipitation of REE-rich epidote, (2) replacement of REE-rich epidote by 
chlorite, (3) coprecipitation of colorless epidote and quartz (± K-feldspar), (4) alteration 
of the REE-rich epidote by allanite and the precipitation of allanite in veinlets within the 
REE-rich epidote, and (5) precipitation of the yellow epidote. Furthermore, as epidote 
veinlets intercept the miarolitic cavity sample in which the matrix epidote was observed, 
it suggests that the matrix/replacement epidote and vein epidote are likely synchronous. 
 
3.4.1.2 Epidote, Calcite and Feldspar from Above the SIC 
 
In the Onaping Formation, epidote occurs as fine-grained aggregates associated with 
replacement assemblages dominated by chlorite and/or calcite. Both the hydrothermal 
epidote and calcite replace vitric shards and lithic fragments (Fig. 3.4a), and are also 
found as fine-gained aggregates of anhedral crystals in the matrix. Two types of 
replacement epidote are distinguished. The first type (replacement epidote 1) consists of 
subhedral to anhedral crystals with yellow/green pleochroism and second-order 
blue/purple birefringence (Fig. 3.4b). The second type (replacement epidote 2) is 
colourless and has lower-order yellow birefringence, and replaces and overgrowns 
replacement epidote 1 (Fig. 3.4b ). In one sample, fine-grained epidote inclusions are 
present within replacement calcite (See Chapter 2, Fig. 2.6e), indicating that calcite 
replaced and, therefore, postdated epidote alteration. As was seen in the SIC, the epidote 
in these inclusions has been locally replaced by allanite. The studied replacement epidote 
and calcite samples come from calcite-poor zones near the base of the Dowling member 
of the Onaping Formation, which are spatially associated with minor disseminated Zn-Pb-
Cu bearing sulphides and form discordant corridors within zones of basin-wide semi-
conformable calcite alteration (Ames, 1999). Calcite (Fig. 3.4c) and epidote (Fig. 3.4d) 
occur in amygdules within aphanitic dikes and peperite pods throughout the Onaping 
Formation (Ames et al., 1999). Some amygdules may contain, in addition to epidote and 
calcite, variable proportions of chlorite, quartz, pyrite, chalcopyrite, and pyrrhotite. 
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Within the Onaping Formation, K-feldspar alteration is uncommon. For this study, a 
sample of K-feldspar from a hydraulic breccia spatially associated with the intra-
formational aphanitic dykes in the basal section of the Onaping Formation (Ames, 1999), 
was studied. It consists of K-feldspar ± quartz aggregates cementing fragments of the 
Onaping intrusion. The quartz commonly contains acicular inclusions of rutile. The lithic 
fragments of the Onaping intrusion display a whitish alteration halo consisting also of K-
feldspar (Fig. 3.4e).  
 
The Vermilion Formation carbonates sampled for this study are part of the lower 
carbonate member of this unit, and consist of laterally-discontinuous laminations of 
white, unmineralized calcite, alternating with grey calcite (Fig. 3.4f). The grey calcite 
contains minor amounts of disseminated pyrite, chalcopyrite and pyrrhotite. Epigenetic 
patchy and fine-grained discordant calcite aggregates, which contain base-metal 
sulphides, vein and replace the laminated carbonates (Fig. 3.4f). The geometry of the 
veins (lack of matching walls) and internal structure (uniformly fine-grained, no comb 
textures) indicate that the carbonate replaced the banded carbonate adjacent to fractures, 
and there was no open-space filling.  Subhedral (up to 300 μm), unmineralized blocky 
calcite crystals occur at the contact between the laminated carbonates and the discordant 
calcite veins, and represent replacement or recrystallization of the banded carbonates. 
 
3.5. Mineral Chemistry 
 
The trace element composition of epidote, alkali feldspars and calcite determined by LA-
ICP-MS is given in Appendixes 4 to 7. The major element composition of selected 
samples of epidote and alkali feldspars analyzed by electron microprobe is given in 
Appendix 8 and 9. 
 
3.5.1 Epidote Chemistry 
 
Major Elements: The SiO2 content of SIC-hosted epidote shows relatively little intra- and 
inter-sample variation, with most samples in the range 37.1 to 38.6 wt. %.  CaO is slightly 
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more variable, ranging from 15.5 to 23.6 wt. % with most samples between 21.4 and 23.6 
wt. %.  Al2O3 displays a wider range, from 17.6 to 26 wt. %, but most of the samples lie 
in the range of 20 to 24 wt. %. Iron contents (as FeO) also display considerable variation, 
from 9.2 to 20.0 wt. %. Neither Cl- nor F- was detected in epidote by EMPA analysis. 
 
Structural Formulae: The chemical formulae of all the epidote analyzed by EPMA are 
given in Appendix 8. Mean chemical compositions and structural formulae of 
representative epidote crystals, including major oxides determined by EMPA, and trace 
elements determined by LA-ICP-MS (described below), are given in Table 3.2. The 
epidote has been classified following the scheme proposed by Armbruster et al. (2006).  
Epidote-group minerals may be represented by the general formula: 
 
A2M3[T2O7][TO4](O,F)(OH,O) 
 
where, M = octahedral sites, T2O7 = double tetrahedra , TO4 = single tetrahedra, and A= 
large, 9- or 10-fold coordinated sites. Following the guidelines of Armbruster et al. 
(2006), the analytical data were normalized on the basis of Σ(A+M+T) = 8. The 
proportions of Fe3+ and Fe2+ were estimated using the (REE+Y+Th+Sr)A2  vs. 
Al3+diagram proposed by Petrik et al. (1995), which is based on the substitutions that 
occur among clinozoisite, epidote, allanite and ferriallanite.  That is, the ratio 
Fe3+/(Fe3++Fe2+) is inferred from the stoichiometric and charge balance constraints that 
result from the coupled substitutions Ca2+ + Al3+ = REE3+ + Fe2+ and Ca2+ +Fe3+ = REE3+ 
+ Fe2+ . All of the epidote in veins and cavities fall in the range of  Ca2+1.86-1.99Fe3+0.7-
1.3,Al3+1.7-2.43Si2.97-3.02, corresponding to the Fe-rich end member 
[Ca2(Fe3+,Al3+)3[Si2O7][SiO4](O,F)(OH,O)], of the clinozoisite-epidote series 
(Armbruster et al. 2006). 
 
The octahedral Al3+ (atoms per formula unit - apfu) and Fe3+ (apfu) display a negative 
correlation (Fig. 3.5a), which reflects Fe-Al substitution. This negative trend overlaps 
with the reported values for the Onaping Formation epidote (Ames, 1999), except the 
yellow epidote in the interstitial miarolitic cavities, which plots at lower Al3+ and higher 
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Fe3+ values than the other types. The yellow epidote in the veins displays a wide range of 
compositions that largely overlaps with values for the miarolitic epidote, but extends to 
higher Fe and Al contents. However, no clear distinction could be made between the 
blocky unaltered and replacement epidote in the miarolitic cavities, between the core and 
edge of individual crystals, or between crystals from the same sample. There is no 
correlation between major element chemistry and textural type or stratigraphic position. 
As noted above, significant variation exists in the Fe and Al contents, with Fe/Fe+Al 
ratios ranging from 0.22 to 0.43, which overlap with the Fe/(Fe+Al) ratios reported by 
Ames (1999) for epidote from the Onaping Formation (0.19 to 0.32). Variation of this 
magnitude has been observed within single-zoned crystals, where the colorless epidote 
displays lower values than the yellow/green epidote (see Appendix 2).  
  
Trace Elements:  Epidote from cavities and veins, show significant overlap in their ranges 
of trace element concentrations (Fig. 3.6). The most notable exception is the early REE-
rich epidote, which has higher concentrations of Zn, Pb, Ba, Rb, Cu, LREE, HREE, Th 
and U compared to all other epidotes. Late, yellow epidote within the interstitial 
miarolitic cavities also has slightly higher Pb and Ba contents compared to the other 
epidotes. Miarolitic blocky, unaltered epidote has overall lower concentrations of LREE 
and HREE relative to the other types of miarolitic, vein and interstitial miarolitic epidote 
(Fig. 3.6). Replacement epidote in the Onaping Formation has higher Zn, Rb, and HREE, 
and lower Sr and LREE, when compared to the miarolitic cavity and vein epidote.  For 
most trace elements (Zn, Rb, Sr, Cu, LREE, HREE, ad Th), the Onaping Formation 
epidote has a similar signature to interstitial miarolitic cavity yellow epidote.  
 
Miarolitic cavities occur in all host units and represent the largest data set, and are thus 
most suited for assessing spatial/stratigraphic variations (Fig. 3.7).  For epidote in 
miarolitic cavities, many elements show overlap and no significant differences with 
position in the stratigraphy (e.g., Zn, Ba, Pb, Rb), regardless of the type of epidote 
analyzed. Miarolitic epidote in the granophyre and gabbro has similar concentrations for 
all elements. The miarolitic epidote in the Onaping Intrusion has noticeably lower 
concentrations of U, Th, HREE and LREE relative to footwall breccia cavity epidote.  
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This is most noticeable for U and REE, which are distinctly lower than in the footwall 
breccia and gabbroic hosts. With the exception of the pegmatite-hosted epidote from the 
quartz gabbro, there is a general trend of decreasing concentrations of Cu, LREE, HREE, 
Th and U from footwall to the Onaping intrusion.  Concentrations in the pegmatite are 
generally comparable to those of the footwall cavity epidote.  
 
The blocky and replacement miarolitic epidote show variable degrees of REE 
fractionation, ranging from relatively flat patterns [(La/Lu)N ~3] to LREE-enriched 
[(La/Lu)CN ]~ 500 and are characterized by positive Eu anomalies (Figs. 3.5b, 3.8a).  
There is no correlation between the degree of fractionation and the magnitude of the Eu 
anomaly (Fig. 3.5b) or the total REE concentrations (ΣREE).  However, there is a 
negative correlation between Eu/Eu* and ΣREE, and the miarolitic epidote can be 
subivided into two populations on the basis of Eu/Eu* (Fig. 3.5c).  Those with high 
Eu/Eu* and low ΣREE correspond to the blocky yellow/green unaltered epidote, whereas 
those with lower Eu/Eu* and higher ΣREE correspond to the replacement miarolitic 
epidote; footwall miarolitic epidote belongs to the latter population (Fig. 3.5c).   
 
Veins (Fig. 3.8b) have similar Eu/Eu* to the replacement miarolitic (Fig. 3.8a) and 
footwall epidote (Fig. 3.8c), but have lower ΣREE (Fig. 3.5c).  This epidote also exhibits 
a negative correlation between Eu/Eu* and ΣREE that parallels the trend shown by the 
miarolitic epidote.  The epidote in interstitial miarolitic cavities varies from LREE-
depleted [(La/Lu)CN <1) (Fig. 3.8b) to LREE-enriched [(La/Lu)CN ~100) (Fig. 3.8d) , and 
corresponds to the yellow vein epidote group in terms of Eu/Eu* and ΣREE (Fig. 3.5c). 
The REE-rich interstitial miarolitic cavity epidote (Fig. 3.8d) is obviously REE-enriched, 
but is otherwise similar to the main replacement epidote population in terms of the degree 
of fractionation and Eu/Eu* (Fig. 3.5b,c). Replacement epidote from the Onaping 
Formation also mainly falls within the replacement miarolitic and vein epidote 
population, although some have relatively large Eu/Eu* values. Two values plot just 
outside the main trend. For the epidotes as a whole, Y/Dy ratios are > 1 (most range from 
3-12), irrespective of Eu/Eu* and host unit position. However, the REE-rich epidote 
displays a narrower Y/Dy range of ~4 to 5. 
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For those samples for which we have Sr isotopic data, (Chapter 2), when initial 87Sr/86Sr 
is plotted against Eu/Eu*, a trend is defined (Fig. 3.5d) from high 87Sr/86Sr (~0.7150) and 
low Eu/Eu* (3 to 5), represented by the late, vein and spatially associated interstitial 
miarolitic cavity yellow epidote, to lower 87Sr/86Sr ratios (~0.7080), represented by the 
REE-rich, footwall, and replacement epidote, and then extending to higher Eu/Eu* values 
(~30-60) and slightly lower 87Sr/86Sr ratios of ~0.7070. 
 
3.5.2 Alkali Feldspar Chemistry 
 
Major Elements: The analyzed K-feldspar displays relatively little variability in major 
element composition (Appendix 9). Concentrations of Al2O3 range from 18.0 to 18.6 
wt%., and SiO2 and K2O display only slight variations, in the range of 63.7 to 65.8 wt% 
and 17.4 and 18.4 wt%, respectively.  Concentrations of Na2O range from 0.1 to 0.2 wt%, 
whereas CaO, MgO, TiO2 and FeO occur in concentrations < 0.1 wt %. Among these 
elements, there is no appreciable correlation, except for Na2O vs. Al2O3, which display a 
weak positive correlation (although with considerable scatter), and Na2O vs. K2O with a 
crude negative correlation. Albite crystals display relatively homogeneous compositions 
(Appendix 9), with Al2O3 contents from 19.4 to 20.3 wt%, SiO2 varying from 68.7 to 70.5 
and Na2O from 10.2 to 11.1 wt%. Concentrations of CaO are slightly higher that in the K 
feldspar, ranging from 0.1 to 0.6 wt%, whereas K2O, FeO, MgO, MnO and TiO2 occur at 
concentrations < 0.1 wt%. 
 
Structural Formulae: The structural formulae of the K-feldspar and albite analyzed by 
EMPA are given in Appendix 9. Mean chemical compositions and structural formulae of 
representative feldspar crystals, including major element oxides determined by EMPA 
and trace elements determined by LA-ICP-MS, are given in Table 3.3. Alkali feldspars 
can be represented with the general formula (K,Na)[AlSi3O8]. Structural formulae and 
classifications are given in terms of their orthoclase (Or), albite (Ab), anorthite (An)  
contents, calculated on the basis of 32 oxygens (Deer et al., 1992). Compositional ranges 
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for K-feldspar and albite are Ab1.5-1.9An0.0-0.2Or98.1-98.5 and Ab99.0-99.7An0.1-0.9Or0.3-0.4, 
respectively. 
 
Trace elements: Both K-feldspar and albite were analyzed for Rb, Sr, Ba, Pb, Cs, Li, and 
REE.  K-feldspar was analyzed from: (1) K-feldspar-quartz-albite graphic rims of two 
miarolitic cavities in the quartz gabbro and granophyre, (2) K-feldspar filling the center of 
a miarolitic cavity in the granophyre; (3) K-feldspar rims of miarolitic cavities from the 
Onaping Intrusion; (4) a vein in the granophyre; and (5) the matrix of a breccia in the 
Onaping Intrusion and from an alteration zone surrounding this breccia. The analysis of 
the graphic intergrowths was carried out along transects where the K-feldspar was the 
dominant phase.  However, the laser beam diameter and ablation speed likely precluded 
the analysis of only K-feldspar, and the analyses probably represent a mixed signal 
between that the K-feldspar and albite, albeit dominated by K-feldspar. The only albite 
analyzed was from miarolitic cavity rims in the quartz gabbro and granophyre.  
 
 For K-feldspar, Sr and Ba show consistent differences among the various textural types 
(Fig. 3.9). The Sr and Ba content of the SIC-hosted graphic K-feldspar is lower than that 
of the K-feldspar in the rims of the miarolitic cavities hosted by the Onaping intrusion.  
The Sr content of the K-feldspar filling the central portion of the cavities in the SIC is 
similar to that of the SIC-hosted graphic K-feldspar and the Ba content similar to the 
miarolitic K-feldspar rims in the Onaping intrusion. Concentrations of  Ba and Sr in the 
vein K-feldspar fall within the range for SIC-hosted graphic miarolitic K-feldspar. The Ba 
and Sr contents of the the K-feldspar in the matrix and breccia halo hosted by the 
Onaping intrusion, are similar to K-feldspar rims in the Onaping intrusion.  
Concentrations of Rb and Pb overlap among the various types of K-feldspar, although the 
veins have the lowest Pb values, and the miarolitic graphic K-feldspar the lowest Rb 
values. With respect to host unit, concentrations of Sr and Ba in the K-feldspar increase 
from the SIC to Onaping Intrusion. Overall, Pb and Rb have similar concentrations in the 
SIC and Onaping Intrusion. In comparison to the K-feldspar, albite has lower Rb and Ba, 
and similar Pb and Sr contents to the Onaping intrusion-hosted K-feldspar. 
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Most K-feldspar has moderate to strong positive Eu anomalies and LREE-enriched 
patterns (Fig. 3.10a-d), and generally show a weak positive correlation between Eu/Eu* 
and (La/Lu)CN (Fig. 3.11a). In comparison to the REE chemistry of epidote, the majority 
of K-feldspars analyzed have Eu/Eu* and (La/Lu)CN that correspond to the SIC-hosted 
miarolitic replacement and vein epidote (Fig. 3.11a), but have lower ΣREE (Fig 3.11a,b). 
Unlike epidote, there is no correlation between Eu/Eu* and ΣREE (Fig. 3.11b). The 
ΣREE content for the breccia halo K-feldspar is distinctly higher than for the other types 
of K-feldspar, which all overlap (Appendix 5, Fig. 3.11b). The Y/Dy ratio, which mostly 
ranges from 4 to 12, shows no correlation with Eu/Eu* or (La/Lu)CN.  The REE chemistry 
of miarolitic cavity albite is very similar to that of most of the miarolitic cavity K-feldspar 
and altered epidote, except that their Eu/Eu* values are low, given their degree of 
fractionation [(La/Lu)CN] (Fig. 3.11a) and display slightly lower ΣREE (Fig. 3.11b).  
 
3.5.3 Carbonate Chemistry 
 
Trace Elements: All of the Onaping-hosted carbonates contain similar concentrations of 
Zn, Sr, Ba, Cu, and LREE (Fig. 3.12, Appendix 7).  They differ, however, in that the 
amygdules have lower concentrations of Rb, Th and U, and generally lower HREE.  In 
comparison, carbonates from the Vermillion Formation are generally characterized by 
higher contents of Zn and Ba, and lower concentrations of Rb, Sr, and REE (Fig. 3.12).  
For other trace elements, the patterns are more complex.  The trace element chemistry of 
the white laminated and blocky unmineralized calcite are most like one another, and most 
distinct from the Onaping carbonates. The exception is LREE, where the blocky has 
distinctly lower concentrations than the banded calcite.  Although both the discordant and 
patchy mineralized carbonates are epigenetic, they have different trace element contents. 
The discordant carbonates have concentrations of Zn and Rb that are similar to the 
laminated carbonates, but the concentration of most other elements are either higher 
(LREE, Th) or lower (Sr, Pb, HREE, U). The mineralized epigenetic patchy calcite is 
distinct from the discordant calcite in having lower contents of Zn, Rb, LREE, and Th, 
and higher contents of Sr, Ba, Pb, Cu, HREE, and U. 
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The Onaping carbonates exhibit a general increase in the magnitude of the Eu anomaly, 
from ~0.1 to ~53, with increasing (La/Lu)N (Fig. 3.13a).  Total REE also generally 
increases with increasing Eu/Eu* (Fig. 3.13b) and the degree of fractionation. In both 
cases, values for samples with positive Eu/Eu* and higher ΣREE correspond to those 
characteristic of SIC-hosted vein and replacement epidote. The REE patterns of the 
amygdule calcite vary from flat (Fig. 3.14a) to LREE-enriched [(La/Lu)CN ~100] with a 
strong positive Eu anomaly (Fig. 3.14b). The Onaping Formation replacement calcite also 
varies from LREE depleted with negative Eu/Eu* to LREE enriched [(La/Lu)CN~100] 
with a distinct positive Eu anomaly (Fig. 3.14c). The Y/Dy ratio of these carbonates 
ranges from 3 to 15, irrespective of the sign and intensity of the Eu anomaly (Fig. 3.13c), 
but as a whole tend to decrease with increasing La/Lu. 
 
In many of the Vermilion Formation banded, discordant, and blocky calcites, the middle 
and heavy REE were below detection and, therefore, could not by plotted on Figures 
3.13a and 3.13b.  The white laminated calcite is characterized by a flat to weakly 
fractionated LREE pattern with no Eu anomaly, (Fig. 3.13a, 3.14d) and weak negative Ce 
anomaly. The discordant and patchy mineralized carbonates are distinctly different from 
the laminated calcite. The discordant calcite has a negative Eu anomaly (Fig. 3.13a) and 
one of the most fractionated patterns measured with high (La/Lu)CN and extreme Y/DyCN 
(Fig. 3.13c), and strong negative Ce anomaly. The patchy mineralized calcite is 
distinguished by having high Y/Dy ratios (similar to the discordant calcite) and negative 
Eu anomalies (Fig. 3.33a), and strong negative Ce anomaly (Fig. 3.14d). The REE 
chemistry of the blocky carbonate analysis is similar to the Onaping carbonates (Fig. 
4.14d); the only slight difference is that it has a low ΣREE relative to the degree of 
fractionation.  
 
When the available initial 87Sr/86Sr data for the carbonates (Chapter 2) are plotted versus 
Eu/Eu* (cf. Fig. 3.5d), it can be seen that there is significant variation in the initial Sr 
ratio (from ~0.7140 to 0.7030) at relatively constant Eu/Eu* (0.3 to 2) (Fig. 3.13d). The 
upper part of this array coincides with the low Eu/Eu* part of the trend defined by the 
epidote data. The exception is one amygdule calcite from the North Range, which plots 
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just outside the main trend at a higher Eu/Eu* value of ~7 and an intermediate 87Sr/86Sr 
ratio between that of the SIC-hosted blocky miarolitic epidote and the white laminated 
Vermilion calcite. 
 
3.6 Discussion 
 
3.6.1 SIC-Related Fluids 
 
3.6.1.1 Temperature and Redox Constraints from the Major Element Chemistry of 
Epidote 
 
There is significant variability in the Fe3+ and Al3+ contents of the various textural types of 
epidote hosted by the SIC, and these two elements show a negative correlation (Fig. 3.5a). 
This correlation is due to the homovalent substitution of Fe3+ for Al3+ in the octahedral 
(M) site and reflects temperature and redox conditions during epidote precipitation (c.f. 
Hannington et al. 2003; Franz and Liebscher, 2004; Bird and Spieler, 2004).  In epidote 
from low grade metamorphic rocks, Fe/(Fe+Al) commonly decreases with increasing 
temperature or metamorphic grade (Beiersdorfer and Day, 1995, and references there in). 
Al-poor epidote is associated with lower temperatures and relatively oxidizing conditions, 
whereas Al-rich epidote indicates higher temperatures and reducing conditions, although 
in some cases the opposite behaviour has also been documented (Beiersdorfer and Day, 
1995, and references there in).  In the SIC, the vein epidote displays the widest range of 
compositions, and encompasses the compositions of blocky, replacement and interstitial 
miarolitic epidote, which overlap (Fig. 3.5a).  No systematic spatial variation with respect 
to host unit was observed among the analyzed samples.  
 
In comparing the SIC-hosted epidote with the published values for the Onaping 
Formation epidote (Ames, 1999), there is tendency for the Onaping Formation-hosted 
epidote to display lower Fe/(Fe+Al) ratios (Fig. 3.5a). Given the above, this would 
indicate higher temperatures and/or more reducing conditions.  There is, however, 
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considerable overlap, and the general array indicates that the fluids that circulated within 
these stratigraphically different environments were of similar composition and 
temperature.  The fact that Fe/(Fe+Al) ratios do not follow a systematic trend of 
increasing Al content with increasing depth in the system (i.e., towards higher 
temperatures) (c.f. Beiersdorfer and Day, 1995), indicates that the linear array is not 
related to a simple fluid evolution or mixing, but alternatively indicates that other factors 
controlled the composition of the hydrothermal fluids, such as  the composition of the 
lithologies that the fluids have interacted with, the CO2 concentration in the fluid, 
temperature and redox conditions (Bird and Spieler, 2004). For example, the presence of 
CO2 is considered to be one of the main controls on the stability of epidote and carbonate 
minerals in active geothermal systems (Browne and Elllis 1970). This is because, at 
elevated partial pressure of CO2, calcite precipitation buffers log aCa/aH2 to values below 
those required for saturation with respect to epidote. Thus, due to the widespread 
occurrence of epidote in the SIC, and more restricted occurrence of epidote in the 
Onaping Formation (in combination with a widespread occurrence of carbonate 
alteration), it has been suggested that the precipitation of epidote was possibly controlled 
by the exolution of CO2 from the cooling SIC (Ames, 1999). Furthermore, carbonaceous 
matter is common in the Onaping Formation (Ames, 1999), potentially favouring a 
reducing environment during precipitation of the Onaping Formation epidote, and in 
combination with the possible release of CO2 from the SIC, promoted precipitation of 
calcite following epidote precipitation. This is consistent with the textural evidence (Fig. 
2.6c). However, as our number of samples is limited and cover only a restricted 
stratigraphic interval, no robust conclusions can be drawn from the major element 
chemistry and further analysis will be required to properly asses the Fe/(Fe+Al) ratios of 
epidote and their relationship to temperature and redox conditions during precipitation 
and possible involvement of CO2. 
 
3.6.1.2 Trace Element Chemistry of the Blocky Epidote  
 
From the Sr isotope data (Chapter 2), we concluded that the blocky epidote was 
precipitated early, from orthomagmatic fluids exsolved from the SIC, and that later-stage 
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epidote was precipitated from basement-derived fluids carrying more radiogenic Sr.  
Below, we examine the trace element systematics of this epidote in the context of this 
conclusion, data on the trace element chemistry of the SIC, and what is known about the 
partitioning behaviour of the REE in magmatic hydrothermal systems.  
 
The trend that is evident on the 87Sr/86Sr vs. Eu/Eu* plot (Fig. 3.5d) is interpreted as a 
mixing trend between the early granophyre-hosted miarolitic blocky epidote (i.e. 
magmatic fluids) and the late, yellow vein and interstitial miarolitic cavity epidote 
(basement-derived fluids)(Fig. 3.5d). The other SIC-hosted replacement miarolitic 
epidote, vein epidote, footwall cavity epidote, and REE-rich epidote plot at intermediate 
values between the two end-members and are, therefore, interpreted to represent mixtures 
of the two types of fluids, implying that the magnitude of the Eu anomaly is inherited 
from the fluid (i.e., magmatic vs. external fluids).  
 
Experimental and empirical data suggest that at temperatures >250 °C, the LREE are 
more strongly complexed by chlorine and sulfate in aqueous solutions than the HREE 
(Douville et al., 2002; Shmulovich et al., 2002; Migdisov and Williams-Jones, 2008), and 
that during exsolution of chlorine-rich fluids in magmas of granitic composition, the 
LREE preferentially partition into the exsolved fluid (Reed et al., 2000; Samson and 
Wood, 2005). Thus, an orthomagmatic fluid exsolved from a granitic magma might be 
expected to be LREE-enriched, relative to the source magma. Crush-leach studies of fluid 
inclusions inferred to represent the magmatic volatile phase from the Capitan Pluton, 
New Mexico (Banks et al., 1994), indicate that when normalized to the parental granitic 
magma, the orthomagmatic fluid displays a LREE-enriched pattern with positive to 
negative Eu anomalies. In contrast, the SIC-hosted miarolitic blocky epidote displays 
overall flat REE patterns when normalized to the host granophyre (Lightfoot et al., 
1997b), as indicated by their La/Lu ratios close to that of the granophyre, implying little 
fractionation between melt, fluid and epidote.  The exception is Eu, as the epidote has a 
distinct positive Eu anomaly relative to the granophyre (Fig. 3.15a). 
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To our knowledge, data on mineral-fluid partition coefficients for Eu2+ and the REE3+ in 
epidote-group minerals is very limited. Allanite-fluid partition coefficients (Kd) estimated 
from fluid inclusion analysis (Banks et al., 1994) indicate that the LREE are preferentially 
incorporated relative to the HREE. Data available for zoisite (Brunsmann et al., 2001) 
show that La3+ to Eu3+ are moderately incompatible in zoisite relative to fluid, and that 
there is a preference of zoisite for MREE compared to LREE. In contrast, Feineman et al. 
(2007) showed that the REE, Ba, Th, U and Sr are compatible (Kd>1) with zoisite, with 
HREE being slightly more compatible relative to the LREE. The differences in the data 
for the zoisite/fluid system is likely related to structural differences between zoisite 
(orthorhombic) and the monoclinic epidote group minerals, including allanite, as the 
divalent cations such as Fe2+ involved in coupled substitutions are restricted to very low 
values in the zoisite structure compared to that of the monoclinic epidote group minerals 
(Brunsmann et al., 2001). A general conclusion that can be drawn from the existing 
partitioning data for the REE for epidote-group minerals is that they may be LREE-
enriched or LREE-depleted relative to the fluid. As allanite is monoclinic, one might 
predict that it may be the better analog for epidote.  Our data however indicate that there 
has been little or no fractionation between the granophyre and the epidote.  This is 
generally consistent with the overall picture for epidote-group minerals, and with 
precipitation of the blocky epidote from orthomagmatic fluids, but a rigorous testing of 
this will require partitioning data for epidote.  
 
Given the strong positive Eu anomaly that characterizes the blocky miarolitic epidote, it is 
important to consider the controls on the Eu2+/Eu3+ ratios in hydrothermal fluids. There 
are several causes that, individually or in combination, could result in a positive Eu 
anomaly in a mineral. The first relates to crystal chemical effects that result in preferential 
partitioning of Eu2+ over the trivalent REE. There are no published data on epidote-fluid 
partition coefficients for Eu2+ over the trivalent REE.   However, published REE patterns 
of natural hydrothermal epidote indicate that epidote can have either positive or negative 
Eu anomalies (see review by Frei et al., 2004).  Although crystal chemical effects cannot 
be ruled out, this inconsistency in the nature of Eu anomalies in epidotes, in general, 
suggests that the consistently observed positive Eu anomaly in the SIC-hosted miarolitic 
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blocky epidote likely reflects other factors such as fluid chemistry and temperature-redox 
effects.   The second relates to fluid chemistry. Positive Eu anomalies in fluids circulating 
near mid-ocean ridges have been related to interaction with Ca-bearing minerals (e.g., 
plagioclase) enriched in Eu2+ relative to REE3+  (e.g., Klinkhammer et al., 1994; Wood, 
2003, and references therein).  Positive Eu anomalies however have been also observed in 
hydrothermal fluids from the Rainbow vent (Mid-Atlantic Ridge), which have interacted 
with ultramafic rocks and peridodites in which plagioclase is not present (Douville et al. 
(2002). This indicates that positive Eu anomalies can relate to factors other than 
interaction with Ca-bearing minerals enriched in Eu2+. A third alternative that explains 
the chemistry of fluids at mid-ocean ridges is that the positive Eu anomaly is due to 
temperature-redox effects. In aqueous fluids at temperatures above 250 °C and under 
reducing conditions, Eu2+ is more soluble than Eu3+ and the other trivalent REE 
(Sverjensky, 1984; Wood, 2003). Hydrothermal minerals that precipitate from high-
temperature reducing fluids are therefore expected to inherit a positive Eu anomaly.  
 
A fourth alternative is related to the salinity of the fluid exsolved from silicate melt. 
Published studies indicate that during exsolution of orthomagmatic fluids from granitic 
melts the REE partition preferentially into the silicate melt relative to the fluid (Kd>1) 
(see Reed et al., 2000 and review by Samson and Wood, 2005), except in high salinity 
fluids (3.5 m Cl-) where the LREE preferentially partition into the fluid phase. However, 
in low salinity fluids (0.4 to 1.1 m Cl-), Eu partitions more strongly into the fluid with 
respect to the other REE (Reed et al., 2000), developing a positive Eu anomaly. Given 
that the SIC units are characterized by a negative anomaly (Kuo and Crocket, 1979; Chai 
and Eckstrand, 1994; Lightfoot et al., 1997a-c; Ligthfoot et al., 2001; Therriault et al., 
2002; Ames et al., 2002), and that the early blocky epidote is characterized by a strong 
positive Eu anomaly (Fig. 3.15b-d), we can hypothesize that the dominantly negative Eu 
anomaly of the SIC was, in part, controlled by the exsolution of a low salinity fluid 
enriched in Eu relative to the other REE, and that the positive Eu anomaly of the blocky 
epidote was in part inherited from the exsolved fluid. Higher Eu2+ concentrations in the 
orthomagmatic fluids, reflecting solubility and/or redox effects and temperatures above 
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250 °C (Sverjensky, 1984; Wood, 2003), however, may also have been a controlling 
factor.  
 
The Sr/Ba and U/Th ratios of the blocky miarolitic epidote are significantly higher than 
these ratios in the SIC (Fig. 15a).  However, Ba is not an important component in epidote 
because it has a larger ionic radius than Ca or Sr (Frei et al., 2004), which explains the 
higher partition coefficients of Sr over Ba in epidote group minerals. Thus, the high Sr/Ba 
ratios of the blocky epidote relative to the SIC are a reflection of the more compatible 
nature of Sr relative to Ba in epidote (cf. Feineman et al., 2007; Frei et al., 2004). On the 
other hand, the partition coefficients for U and Th between epidote and fluid are likely to 
be similar (cf. Feineman et al., 2007), and if anything, Th will be the more compatible 
element. Therefore, the high U/Th ratios apparently reflect not only their compatible 
nature in epidote, but also reflect the chemistry of the source fluid.  
 
3.6.1.3 Mixing of Magmatic and Externally-Derived Fluids 
 
3.6.1.3.1 Constraints from the Trace Element Chemistry of Epidote  
 
The Sr isotope data (Chapter 2) indicate that the SIC-hosted vein and replacement epidote 
precipitated from externally-derived fluids carrying radiogenic Sr, most likely basement-
derived, that passed through the SIC (Fig. 3.5d). The relationships between these fluids 
and the magmatic fluids and epidote are examined below using trace element data from 
the various types of epidote and K-feldspar.  
 
When normalized to the granophyre, the miarolitic replacement and vein epidote show 
variable degrees of LREE-enrichment that are similar to those characteristic of the early 
blocky epidote, although some of the miarolitic replacement epidote tends to have higher 
La/Lu ratios (Fig. 3.5b and 3.15a).  Thus, no major conclusions can be derived from the 
degree of LREE enrichment. In both cases however the Eu anomaly is significantly 
smaller than that in the blocky epidote that is interpreted to have precipitated from the 
SIC-derived fluids (Fig. 3.5c and 3.15a). No correlation was observed between (La/Lu)CN 
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and Eu/Eu* (Fig. 3.5b), but a negative correlation exists between the Eu anomaly and 
∑REE (Fig. 3.5c).  The high Eu/Eu* end of this trend is represented by the blocky 
epidote, precipitated from magmatic fluids. The data fan-out to lower Eu/Eu* and 
generally higher ∑REE.  As noted above, epidote with lower Eu/Eu* contain more 
radiogenic Sr and interpreted to represent precipitation from externally (basement-) 
derived fluids. Early epidote precipitated by the external fluids is characterized by high 
∑REE and low Eu/Eu* (IMC-REE Ep on Fig. 3.5c).  Later epidote in veins and 
interstitial miarolitic cavities with equivalent (low) Eu/Eu* could represent precipitation 
from similar fluids that had been depleted in REE as a result of possible REE-rich epidote 
precipitation or possibly other REE-bearing minerals. Alternatively, these simply 
represent precipitation from later fluids with lower REE concentrations. Differences in 
the Sr isotopic composition of these epidotes (Chapter 2) suggest that the latter is a factor, 
although REE depletion through mineral precipitation could also have occurred (Fig. 
3.5c). This is further supported by the range of compositions seen in the footwall epidote. 
The array represented by the replacement miarolitic epidote almost certainly represents a 
mixed signal between the epidote interpreted to have precipitated from magmatic fluids, 
and the influence of the external fluids in the new, replacement epidote.   
 
Vein epidote also forms an array that shows a negative correlation between ∑REE and 
Eu/Eu*.  The most reasonable explanation for this is that it is a mixing trend between a 
magmatic component (high Eu/Eu*) and the external fluids (low Eu/Eu*).  The 
alternative is that this represents an evolution in fluid chemistry related to epidote 
precipitation in which ∑REE decreased as a result of the incorporation of REE into 
epidote (and possibly other phases).  Two observations however suggest that this is less 
important.  The first is that, as the less evolved external fluids appear to have lower 
positive Eu/Eu* (i.e., lower Eu2+), it is hard to explain an increase in Eu/Eu*.  Secondly, 
as the vein REE is LREE-enriched, precipitation should have resulted in a change in 
La/Lu, and this parameter should correlate with ∑REE, which it does not.  In conclusion, 
the REE epidote data is consistent with the model developed from the Sr isotopic study 
and illustrates that epidote chemistry may be a useful proxy for fluid chemistry. 
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The granophyre normalized Sr/Ba and U/Th ratios of the replacement miarolitic, REE-
rich, interstitial miarolitic cavity, and vein epidote are significantly higher than these 
ratios in the SIC and overlap with the blocky miarolitic epidote (Fig. 15a). This could 
indicate that fluids of similar chemistry circulated at the different stratigraphic levels. As 
is the case with the blocky miarolitic epidote, the high Sr/Ba ratios possibly reflect a 
crystal chemical effect due to higher partition coefficients of Sr over Ba in epidote. As 
there is considerable overlap, and the U/Th ratios are likely not only related to the 
compatible nature of these elements in epidote, but also possibly reflect the chemistry of 
the source fluid, robust arguments about derivation from an external source (basement-
derived) consistent with the model derived from the Sr isotopic data and the REE 
systematics can not be made. 
 
3.6.1.3.2 Constraints from the Trace Element Chemistry of K-feldspar  
 
The euhedral albite in the outer part (rims) of the miarolitic cavities display a REE 
chemistry similar to that of the SIC (Fig. 3.15b), thus suggesting a magmatic origin for 
this albite, assuming that the composition of the albite is primary and that was not 
modified by late hydrothermal fluids. In contrast, when normalized to the composition of 
the granophyre, the K-feldspar in miarolitic cavity rims and fillings, vein, and breccias 
show variable degrees of LREE enrichment (La/Lu ratios), ranging from values similar to 
those of the albite rims, to significantly higher values (Fig. 3.15b).  The exception is the 
graphic K-feldspar, which displays LREE depletion relative to the SIC (La/Lu<1). 
However, all K-feldspar is characterized by positive Eu anomalies.  
 
The reason why the graphic K-feldspar displays such low La/Lu ratios is not clear. 
However, as textural evidence indicates that the K-feldspar coprecipiated with the 
replacement epidote, the low La/Lu ratios in the graphic K-feldspar are possibly 
associated with the preferential incorporation of the LREE into the replacement epidote. 
To my knowledge, no data exist on partition coefficients between epidote and alkali 
feldspars for the REE that would allow further examination of this idea. However, the 
available partitioning data for the REE between zoisite and plagioclase (Frei et al., 2004), 
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indicate that the REE preferentially partition into zoisite, and that the LREE can be more 
compatible than the HREE, which is consistent with the LREE-enriched patterns in the 
replacement epidote and LREE-depleted patterns in the graphic K-feldspar.  
 
The K-feldspars also define a negatively correlated array between ∑REE and Eu/Eu* that 
sub-parallels the trend defined by the miarolitic replacement epidote (Fig. 3.11b and 
3.5c), although at lower absolute ∑REE contents.  By analogy with epidote, this array 
also suggests mixing between a magmatic component (high Eu/Eu*) and externally-
derived fluids (low Eu/Eu*). The lower ∑REE possibly reflects differences in the 
epidote-fluid and K-feldspar-fluid partition coefficients. However, as in the case of 
epidote, no correlation exists between the La/Lu and ∑REE, indicating that fluid 
evolution was not an important factor. 
 
Within this array, K-feldspar in the alteration haloes around lithic fragments in the 
Onaping intrusion scatter towards high ∑REE with low positive Eu anomalies (Fig. 
3.11b).  Feldspar in the matrix adjacent to these fragments has lower ∑REE and greater 
positive Eu anomalies.  One possible explanation for the lower ∑REE contents of the 
matrix K-feldspar is that the fluids from which they precipitated were depleted in REE 
due to water-rock interaction, during which the halo K-feldspar precipitated with higher 
REE contents.  However, as with epidote it is difficult to reconcile a reduction in the 
∑REE with the associated increase in the intensity of the Eu anomaly (Fig. 3.11b). A 
second possibility is that the halo K-feldspar has higher ∑REE due to the associated 
water-rock interaction and dissolution of REE-bearing phases present in the original rock. 
This implies that the K-feldspar in the breccia fragments (including their Eu contents) 
was buffered by the composition of the host rock. This second model is supported by the 
similar ∑REE content of the halo K-feldspar and the various units of the SIC and 
Onaping Formation (Crocket, 1979; Chai and Eckstrand, 1994; Lightfoot et al., 1997a-c; 
Ligthfoot et al., 2001; Therriault et al., 2002; Ames et al., 2002).  
 
In explaining the Eu anomaly of the K-feldspars as a whole, there is lack of experimental 
or empirical partitioning data for the REE between K-feldspars and fluids. However, in 
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the absence of mineral/fluid partition coefficients, published mineral-melt partition 
coefficients for alkali feldspar are significantly higher for Eu2+ than for the trivalent REE 
(Rollinson, 1993; Smith, 1983; Slaby et al., 2007) resulting in positive Eu anomalies in 
these minerals in magmas that have a low enough oxidation state to contain significant 
Eu2+.  Data on the REE chemistry of hydrothermal alkali feldspar are also limited, but 
indicate that they can have either positive or negative Eu anomalies at temperatures 
between 220 and 320 °C and inferred log ƒO2 between -30 to -34  (e.g., Zhiwei and 
Zhenhua, 2003). Thus, no robust conclusions can be drawn regarding whether the positive 
Eu anomalies in the K-feldspar represent crystal chemical effects, or developed as a result 
of precipitation from fluids with favourable temperature and/or redox condition to 
generate the positive Eu anomalies.  
 
The Sr/Ba ratio of K-feldspar is lower that that of miarolitic albite in cavity rims and the 
SIC in general (Fig. 3.15b), and significantly lower than that of epidote (Fig. 3.15a). This 
likely reflects a crystal chemical control, as Ba is preferentially incorporated into K-
feldspar with respect to Na-feldspar (Smith, 1983), and is not an important component in 
epidote (Frei et al. 2004).  However, given that the SIC has Sr/Ba values intermediate 
between those of the Archean and Huronian basement lithologies (Fig. 3.15d) (e.g. Chai 
and Eckstrand, 1994, Lafrance et al., 2007), the role of an externally-derived fluid as 
opposed to leaching of these elements from the SIC can not be determined on the basis of 
Sr/Ba ratios.  
 
3.6.2 Sudbury Basin Related Fluids 
 
3.6.2.1 Vermilion Formation Fluids  
 
The main conclusions drawn from the Sr isotope data (Chapter 2) regarding the 
hydrothermal fluids above the SIC were that that the white laminated Vermilion 
Formation calcite precipitated from Proterozoic seawater and that higher 87Sr/86Sr values 
in some Vermilion Formation-hosted epigenetic calcite (discordant and patchy 
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mineralized) and syngenetic grey laminated calcite indicated precipitation from 
Proterozoic seawater that circulated through the Onaping Formation and interacted with 
basement-derived lithic fragments.  Although this is the most likely model, it is also 
possible that the footwall-derived fluids that are interpreted to have passed through the 
SIC were also involved in the Vermilion Formation hydrothermal system. The Sr isotopic 
data for the Vermilion Formation carbonates define an array in which the white laminated 
and grey calcite plot at low Sr isotopic values and with no or negative Eu anomalies, 
which is consistent with precipitation from seawater, whereas the mineralized and 
discordant calcite plot at higher Sr isotopic values that overlap with values for epidote 
precipitated from basement-related fluids, which are part of the inferred mixing trend 
seen in the SIC-hosted epidotes (Fig 3.13d).  This interpretation, including the role of 
seawater in the system, is further examined below using trace element data on calcite 
from the Vermillion Formation. 
 
3.6.2.2.1 Constraints from the Trace Element Chemistry of Calcite 
 
Published data indicate that the chondrite-normalized REE pattern of modern seawater 
and marine carbonates is characterized by LREE enrichment, flat to enriched HREE 
patterns, negative Ce anomalies, and a weak negative Eu anomaly (Tanaka and Kawabe, 
2006; Kato et al., 2006).  In addition, seawater has elevated, non-chondritic, Y/Ho (or 
Y/Dy) ratios (Bau, 1996, Bau and Dulski, 1999, Tanaka et al., 2006, 2008; and references 
therein). Partition coefficients for the REE between calcite and seawater derived from 
experimental studies and from natural samples (Scherer, Seitz, 1980; Terakado and 
Masuda 1988; Zhong and Mucci, 1995, Tanaka et al. 2004; Lakshtanov and Stipp, 2004) 
indicate that: 1) REE are strongly partitioned into calcite; 2) REE partition coefficients 
decreased with increasing atomic number; 3) partition coefficients of the REE are not 
affected by the calcite precipitation rate; and 4) the partitioning of LREE is influenced by 
the absolute concentrations in the parent solution. Combined, these suggest that calcite 
precipitating from seawater should be REE enriched with respect to the seawater, and that 
the LREE can be more enriched than the HREE.  
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The Vermilion Formation white laminated calcite display such seawater-like REE 
patterns (Fig. 3.14d), and is also similar to that of the Chelmsford Formation carbonate 
concretions, thus supporting the Sr isotopic data that these carbonates were precipitated 
from Proterozoic seawater that circulated through the Sudbury basin. Strontium isotopic 
data are not available for the blocky unmineralized calcite, but since it is interpreted to be 
the recrystallized product of the laminated carbonates and its REE pattern is close to that 
of the white laminated calcite, recrystallization does not appear to have affected its REE 
chemistry. 
 
The Vermilion epigenetic carbonates show all the chondrite-normalized characteristics of 
the white, laminated calcite and are similar to calcite from the Chelmsford Formation 
concretions (Fig. 3.14d).  These similarities therefore indicate that the epigenetic calcite 
was also precipitated from modified seawater.  In contrast, the Sr isotopic signature of the 
epigenetic carbonates is significantly more radiogenic than the white laminated calcite.  
This was interpreted in Chapter 2 to either indicate modification through water-rock 
interaction with the Onaping Formation and/or the input of deep fluids, although the 
former was considered more likely.  The similarity of the REE chemistry of these 
carbonates and their difference from minerals deposited deeper in the system, supports a 
lack of involvement of deep fluids.     
 
In most respects (e.g., La/Lu, Eu/Eu*) these epigenetic calcites have a seawater REE 
signature.  The exception is their high Y/Dy ratios (Fig. 3.14d). It has been suggested that 
yttrium does not fractionate from Dy and Ho during magmatic processes, resulting in 
chondritic Y/Ho or Y/Dy ratios throughout magma differentiation, whereas Y can be 
fractionated from Dy and Ho in hydrothermal fluids, leading to non-chondritic Y/Ho or 
Y/Dy ratios (Bau, 1996; Grammaccioli et al., 1999). According to Gramaccioli et al. 
(1999), anomalous enrichment or depletion of Y with respect to Dy and Ho is possibly 
associated with the presence of fluorine, as Y3+ forms more stable complexes with F- 
relative to most of the REE. However, as major F- bearing phases are absent from the 
Onaping and Vermilion Formations (e.g. fluorite) (Ames, 1999; Ames et al. 2006), 
fractionation of Y from HREE due to F- complexation can be ruled out (Bau, 1996; 
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Gramaccioli et al., 1999).  The observed fractionation is most likely related to the effects 
of shallow circulation of seawater in the Onaping Formation.  As elevated Y/Dy ratios 
have not been reported from the Onaping Formation, this is unlikely to be a simple water-
rock interaction effect.  It is possible, however, that these high Y/Dy ratios are related to a 
complexation effect that is analogous to the effect of F-, but linked to the chemistry of 
seawater (high sulphate or carbonate) and/or to the high carbon contents of the upper 
parts of the Onaping Formation (Ames, 1999).  Nozaki et al (1997) and Zhang et al. 
(1994) have demonstrated the preferential complexation and adsorption of Ho over Y, 
leading to increases in the Y/Ho ratio of seawater.  
 
The epigenetic calcites also have distinctly different (lower) U/Th ratios than the 
laminated carbonates (Fig. 3.16).  The same arguments apply here as for Y/Dy, and these 
differences also may reflect complexation. 
 
3.6.2.2 Onaping Formation Fluids 
 
3.6.2.2.1 Constraints from the Trace Element Chemistry of Epidote 
 
In the mixing trend defined between early granophyre-hosted miarolitic blocky epidote 
(i.e., interpreted magmatic fluids) and the late, yellow vein and interstitial miarolitic 
cavity epidote (interpreted basement-derived fluids)(Fig. 3.5d), the Onaping Formation 
replacement epidote 2 plot at intermediate 87Sr/86Sr ratios and low Eu/Eu* values that 
correspond to the SIC-hosted miarolitic replacement and footwall epidote. This implies 
that the Onaping Formation epidote precipitated from isotopically similar fluids that 
passed through the SIC and reached the overlying Onaping Formation, and thus their 
trace element systematics (e.g., the REE chemistry and Eu anomaly) was inherited from 
that fluid. 
 
The Onaping-hosted epidote shows very similar REE chemistry to the SIC-hosted epidote 
(Figs, 3.5a, b), including a negative correlation between Eu/Eu* and ∑REE. The high 
Eu/Eu* end of this trend is represented by the Onaping Formation replacement epidote 1, 
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which corresponds to the granophyre-hosted miarolitic epidote that precipitated from 
orthomagmatic fluids. The data for the Onaping Formation later replacement epidote 2 
and epidote inclusions, extend to lower Eu/Eu* and higher ∑REE, corresponding to the 
SIC-hosted replacement and vein epidote that precipitated from basement-derived fluids. 
These data therefore indicate that, fluids of similar isotopic and chemical composition to 
those responsible for precipitation of the SIC-hosted miarolitic epidote, also circulated 
through the overlying Onaping Formation.  Furthermore, as with the SIC-hosted blocky 
epidote, the early epidote in the Onaping Formation has more of a magmatic signature 
than the later epidote, and indicates that magmatic fluids probably migrated upwards 
away from the SIC in the early stages of alteration.  
 
Strontium isotopic data is not available for the replacement epidote 1, but the ∑REE and 
Eu/Eu* data are also consistent with the overall model developed from the Sr isotopic 
study, and  demonstrate the usefulness of epidote chemistry as a proxy for fluid 
chemistry. The ratios Sr/Ba, Y/Dy and U/Th for the Onaping Formation epidote overlap 
with the data for the various textural types of SIC-hosted epidotes, which is consistent 
with the above interpretation that the same fluids were involved.   
 
3.6.2.2.2 Constraints from the Trace Element Chemistry of Calcite 
 
On a plot of (87Sr/86Sr) vs. Eu/Eu* (Fig. 3.13d), the Onaping Formation replacement and 
amygdule calcite plots at intermediate values between the Vermilion Formation white 
laminated calcite (i.e., Sudbury Proterozoic seawater) and the mineralized discordant 
calcite (i.e., modified seawater), overlapping with most of the SIC-hosted vein and 
replacement epidote that was interpreted to have precipitated from basement-derived 
fluids (cf., Chapter 2).  
 
On a ∑REE versus Eu/Eu* diagram (Fig. 3.13b), the Onaping calcite forms a curved 
array that runs from the approximate composition of seawater (at low ∑REE and 
Eu/Eu*), intercepts the field corresponding to the vein and replacement epidote from the 
SIC and Onaping Formation (i.e., basement-derived fluids), and then continues towards 
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the field interpreted to represent magmatic epidote. Many of the Onaping calcite analyses 
have ∑REE and Eu/Eu* values that are similar to the SIC- and Onaping Formation-
hosted epidote that are interpreted to have precipitated from basement-derived fluids, 
implying that such fluids also circulated through the Onaping Formation.   This calcite 
also displays the mixing trend  observed in the epidote, which implies the involvement of 
magmatic fluids in the Onaping system.  These findings are in general in agreement with 
the conclusions reached in the Sr isotopic study (Chapter 2) and also demonstrate the 
usefulness of REE systematics in calcite as a monitor of fluid chemistry. As the Y/Dy 
(Fig. 3.13c), Sr/Ba and U/Th ratios of the replacement and amygdule calcite are similar, 
and overlap with those of the SIC-hosted epidotes, SIC and Onaping Formation, we 
cannot discriminate between input of magmatic and external fluids or evolved seawater 
on the basis of these ratios. 
 
Some of the Onaping Formation-hosted replacement and amygdule calcite has seawater-
like REE patterns (3.14a and c), which is consistent with the interpretations reached from 
the Sr isotopic data, as the same type of carbonates also had low 87Sr/86Sr ratios (Chapter 
2) indicating precipitation from seawater or seawater-dominated pore water. Replacement 
calcite with seawater-like REE patterns (Fig. 3.14c) is slightly more depleted in LREE 
(La/Lu < 1) than the Vermilion Formation white laminated calcite (Fig. 3.14d).  This may 
be because of precipitation of LREE-enriched phases, such as allanite, which is known to 
have replaced epidote in the Onaping Formation (Chapter 2). This is consistent with the 
available data on the REE partition coefficients between calcite and epidote, which 
indicate that the LREE are preferentially incorporated into epidote, and the HREE, in 
some cases, can be preferentially incorporated in calcite (see review by Frei et al., 2004). 
On Fig. 3.13b, calcite with seawater-like REE patterns plots between the field of seawater 
and the basement-derived epidote and calcites, and overlaps with the epigenetic 
Vermilion carbonates. This suggests mixing between seawater circulating from above and 
basement-derived fluids that rose up through the SIC, or alternatively evolution of a 
modified seawater fluid.  
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Although no distinction can be made between the Onaping Formation replacement and 
amygdule calcites, and the Vermilion Formation epigenetic calcite using 87Sr/86Sr, ∑REE 
and Eu/Eu* (Figs. 3.13b, d), the latter have extremely higher Y/Dy (Fig. 3.13c).  This 
supports the suggestion made earlier that these high values may be related to circulation 
and water-rock interaction of seawater at shallow levels with the carbon-rich parts of the 
Onaping Formation.  There are no clear relationships between REE chemistry and the Sr 
isotopic composition of the calcite.  The radiogenic values of some of the Onaping calcite 
(cf. seawater) could have been derived from mixing of seawater with basement-derived 
and SIC-derived fluids or through interaction with basement lithic fragments in the 
Onaping formation.  The lack of correlation with REE chemistry suggests that both may 
have occurred as calcite, with both high and low Y/Dy and Eu/Eu*, has these radiogenic 
Sr values.  Ultimately, laser ablation Sr isotopic and REE analysis of calcite (and epidote) 
have, in combination, led to a better understanding of the hydrothermal architecture of the 
Sudbury system. 
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Fig. 3.1. Generalized geological map of the Sudbury Structure showing the location of the 
studied samples. 
Note: The Vermilion Formation is too thin to be shown at the scale of this map. 
(Modified from Ames and Farrow, 2007). 
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Fig. 3.2. Schematic diagram showing the general architecture of the Sudbury 
hydrothermal system. 
(Modified after Ames and Farrow, 2007) 
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Fig. 3.3. Examples of common textures found in miarolitic cavities and veins from the 
Sudbury structure. 
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(a) Miarolitic cavity rimmed by albite (Ab) and filled with epidote (Ep) and quartz (Qtz) 
in the granophyre. Note that quartz occurs as a discontinuous rim at the edge of the cavity 
but is also intergrowth with epidote in the center of the cavity, and that epidote replaces 
plagioclase in the cavity rim, sample Sud-018. (b) Two types of epidote are observed: an 
early blocky miarolitic epidote is overprinted by irregular patches of late replacement 
epidote. Note the discordant character of the replacement epidote with respect to the 
blocky epidote. This photo corresponds to inset in Fig. 3.3a. (c) Granophyre-hosted 
miarolitic cavity filled with K-feldspar and with a discontinuous rim of quartz (Qtz)-
chlorite (Chl)-epidote (Ep) at the edge of the cavity, sample Sud-016. (d) Chlorite 
replacement of miarolitic cavity epidote, Sud-016. (e) Granophyre-hosted epidote vein 
intersecting one side of a miarolitic cavity filled with blocky epidote and matrix epidote, 
sample 01-AV-491. (f) Granophyre-hosted epidote ± K-feldspar ± quartz vein with a 
chlorite halo at the contact with the enclosing granophyre, sample Sud-063. (g) Quartz 
gabbro hosted-epidote vein containing early REE-rich epidote, postdated by a colorless 
epidote which is in turn replaced by yellow epidote, samples 01-AV-436. (h) The BSE 
image of the vein hosted REE-rich epidote in Fig 3.3g but rotated 90 degrees counter 
clockwise. The EE-rich epidote is replaced by chlorite (Chl). Thorite (Tho) inclusions are 
associated with the replacement chlorite. Allanite has veined and replaced the early REE-
rich epidote crystal. The allanite veins are not observed outside the REE-rich epidote 
crystal. Note also that veins of the colorless epidote in the vein crosscut the REE-rich 
epidote, samples 01-AV-436. 
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Fig. 3.4. Representative examples of various textural types of epidote, carbonates, and K-
feldspar found in the Onaping and Vermilion formations. 
(a) Replacement calcite and replacement epidote in the Dowling member of the Onaping 
Formation. Both calcite (Cal) and epidote replaces rock fragments and are also present in 
the matrix, sample Sud-102 (b) Lithic fragment partially replaced by two textural types of 
epidote. Early subhedral epidote (Ep1) is overgrown and replaced by a late replacement 
epidote (Ep2) with lower-order yellow birefringence, sample Sud-102. (c) Amygdule 
122 
 
 
filled with quartz and calcite (Cal) in an aphanitic dyke hosted by the Onaping Formation, 
sample AV-451. (d) Amygdule filled with quartz (Qtz), epidote (Ep) and lesser 
chalcopyrite (Cpy) and pyrite (Py) in an aphanitic dyke hosted by the Onaping Formation, 
sample AV-451. (e) Breccia spatially associated with the intra-formational aphanitic 
dykes in the basal section of the Onaping Formation consisting of K-feldspar-quartz 
aggregates cementing fragments of the Onaping intrusion, which display an alteration 
halo consisting also of K-feldspar, sample Sud-045. (f) Finely laminated carbonates from 
the proximal lower carbonate member of the Vermilion Formation containing patchy 
calcite-sulphide mineralization, and discordant fine-grained calcite aggregates, sample 
VDM-1 (Photo courtesy of Dr. D.E. Ames, GSC).   
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Fig. 3.5. Epidote binary plots.  
(a) Plots of Fe3+ vs. Al3+ for epidote in miarolitic cavities and veins in the SIC showing a 
wide range of solid solution. The veins display a wider range that encloses the miarolitic 
blocky and replacement epidote. There is tendency for the interstitial miarolitic cavity 
epidote to plot at higher Fe3+ and lower Al3+ values. The data overlap with the epidote 
from the Onaping Formation (Ames, 1999), suggesting that fluids of similar composition 
circulated within the SIC and Onaping Formation. (b) Eu/Eu* vs. (La/Lu)CN illustrating 
the sign and magnitude of the Eu anomaly relative to the degree of REE fractionation for 
the various textural types of epidote in the SIC and Onaping Formation. (c) Eu/Eu* vs. 
ΣREE illustrating the sign and magnitude of the Eu anomaly relative to the degree of REE 
enrichment. (d) (87Sr/86Sr)i vs. Eu/Eu* plot indicating mixing between blocky miarolitic 
epidote that precipitated from SIC-derived fluids and more radiogenic basement-derived 
fluids represented by the interstitial miarolitic cavity yellow epidote and vein epidote. 
Note: Ep = epidote, FWBx = Footwall breccias cavity, MC = Miarolitic cavity, IMC = 
Interstitial miarolitic cavity, OFm. = Onaping Formation, REE Ep = REE-rich epidote. 
The legend in (d) applies to all four plots.  
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Fig. 3.6. Box-whisker plot illustrating the trace element contents in various textural types 
of epidote from the SIC and Onaping Formation. 
The box covers the second and third quartiles of the data values, the whiskers extend out 
to the 10th and 90th percentiles, the central line shows the median value, and the separated 
dots indicate outliers. The same settings are used in subsequent box-whisker plots. 
Abbreviations as in Figure 3.5.  
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Fig. 3.7. Box-and-whisker plot illustrating the trace element contents of various textural 
types of epidote in miarolitic cavities from the SIC and Onaping intrusion, grouped by 
host unit. 
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Fig. 3.8. Representative chondrite-normalized REE diagrams for epidote. 
(a) Quartz gabbro hosted-miarolitic cavity blocky and replacement epidote illustrating 
differences in the degree of LREE-enrichment and magnitude of the Eu anomaly. The 
positive Eu anomaly is of greater intensity in the blocky epidote, sample Sud-010. (b) 
granophyre-hosted vein yellow epidote with a LREE-enriched pattern and yellow epidote 
with a LREE depleted pattern from a spatially associated interstitial miarolitic cavity. 
Both display positive Eu anomalies of similar magnitude, sample 01-AV-436.  (c) 
Footwall breccia-hosted colorless and yellow/green cavity epidotes with variable LREE-
enrichment and positive Eu anomalies of similar magnitude, sample 07-AV-01 (d) 
Granophyre-hosted early REE-rich epidote and yellow epidote with slightly different 
degrees of LREE-enriched and positive Eu anomalies of similar magnitude. Note that the 
IMC-yellow epidote displays LREE depletion (as in b) to LREE-rich patterns. Note also 
that although the SIC-hosted vein and miarolitic epidote displays a ubiquitous positive Eu 
anomaly, the magnitude of the Eu anomaly is noticeably higher in the blocky epidote. The 
shaded field represents the various rock types of the SIC (Lightfoot et al., 2001; 
Therriault et al., 2002) and Onaping Formation (O.Fm) (Ames et al., 2002), and is 
included also in all subsequent REE diagrams. Note that the positive Eu anomaly of the 
epidote is absent in the SIC and Onaping Formation. Normalizing chondrite values of 
McDonough and Sun (1995) were used. 
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Fig. 3.9. Box-and-whisker plot illustrating the trace element contents in alkali feldspar 
from the SIC and Onaping Formation. 
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Fig. 3.10. Chondrite-normalized REE diagrams for alkali feldspar from the SIC and 
Onaping formation. 
(a) K-feldspar in the matrix and alteration halo of the breccia hosted by the Onaping 
Intrusion, which displays LREE-rich patterns and positive Eu anomalies. The Eu anomaly 
is of greater magnitude in the K-feldspar matrix. Sample Sud-045. (b) Granophyre-hosted 
vein K-feldspar with a LREE-rich pattern and positive Eu anomaly, sample Sud-063.  (c) 
K-feldspar in the rim of a miarolitic cavity hosted by the Onaping Intrusion, in which the 
REE patterns display variable degrees of LREE enrichment and positive Eu anomalies, 
sample Sud-072 (d) K-feldspar with LREE-rich pattern and positive Eu (i.e. miarolitic 
cavity filling, Sud-016) and albite with LREE-rich pattern and negative Eu anomaly 
(miarolitic cavity rim, 01-AV-491), both hosted by the granophyre. Normalizing values of 
McDonough and Sun (1995). 
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Fig. 3.11. Binary plots for alkali feldspar. 
(a) Eu/Eu* vs. (La/Lu)CN illustrating the sign and magnitude of the Eu anomaly relative to 
the degree of REE fractionation for the various textural types of K-feldspar and albite  
from the SIC and Onaping Intrusion. (b) Eu/Eu* vs. ∑REE illustrating the sign and 
magnitude of the Eu anomaly relative to the degree of REE enrichment. The legend in (b) 
applies to both plots. 
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Fig. 3.12. Box-whisker plot illustrating the trace element contents in carbonate from the 
Onaping and Vermilion formations. 
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Fig. 3.13. Binary plots for carbonate. 
(a) Eu/Eu* vs. (La/Lu)CN illustrating the sign and magnitude of the Eu anomaly relative to 
the degree of REE fractionation for the various textural types of calcite from the Onaping 
and Vermilion formations. (b) Eu/Eu* vs. ∑REE illustrating the sign and magnitude of 
the Eu anomaly relative to the degree of REE enrichment. (c) Eu/Eu* vs. (Y/Dy)CN 
illustrating the degree of REE fractionation relative to degree of fractionation of Y from 
the HREE. Note that carbonate values overlap with those of epidote (shaded field), but in 
general all display variable non-chondritic values, and a weak negative correlation. The 
shaded band represents the approximate field of seawater (cf. Bau, 1996, Tanaka et al., 
2008; and references therein). (d) ) (87Sr/86Sr)i vs. Eu/Eu* plot indicating mixing between 
the Vermilion Formation white laminated calcite that precipitated from contemporaneous 
Proterozoic seawater and the more radiogenic Vermilion Formation-hosted discordant 
calcite. The Onaping Formation-hosted replacement and amygdule calcite plot at 
intermediate Sr isotopic values, overlapping with the SIC-hosted miarolitic replacement 
and vein epidotes. The REE content of the Vermilion Formation grey calcite was not been 
measured. However, as the isotopic data indicates that it was derived from slightly 
modified seawater (Chapter 2), an approximate Eu/Eu* value similar to that of the 
Vermilion Formation white calcite was used. The legend in (d) applies to all four plots. 
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Fig. 3.14. Representative chondrite-normalized REE diagrams for Onaping and Vermilion 
formation carbonate. 
(a) Onaping Formation-hosted amygdule calcite with relatively flat to weakly LREE-
enriched REE patterns and no to negative Eu anomalies, sample Sud-096. (b) Onaping 
Formation-hosted amygdule calcite with a LREE-enriched pattern and strong positive Eu 
anomaly similar in intensity to the SIC-hosted blocky epidote, sample AV-451. (c) 
Onaping Formation replacement calcite with LREE-enriched pattern and positive Eu 
anomaly similar to the miarolitic replacement epidote, and LREE-depleted pattern and 
negative Eu anomaly (not observed in the epidote), sample Sud-102. (d) The REE 
patterns of the Vermilion Formation carbonate are characterized by flat to slightly LREE-
enriched patters, with negative Eu and Ce anomalies. The epigenetic carbonate displays a 
strong positive Y anomaly.  
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Fig. 3.15. Box-whisker plot illustrating the granophyre-normalized trace element ratios 
for alkali feldspar. 
Normalizing values after Lightfoot et al. (1997b).  
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Fig. 3.16. Box-whisker plot illustrating the granophyre-normalized trace element ratios of 
the Onaping and Vermilion formations carbonates. 
Normalizing values after Lightfoot et al. (1997b). 
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Table 3.1. Summary of the main textural characteristics of the samples analyzed in this 
study. 
 
 
Notes: Ep: Epidote, Cal: Calcite, Kfs: K-Feldspar, Ab: albite, MC: miarolitic cavity, IMC: interstitial 
miarolitic cavity, REE-Ep: REE-rich epidote, NR: North range, SR: South range. Note: Except VDM-1 all 
samples are from outcrops. 
 
 
  
Host unit Sample # Feature Mineral analyzed Key texture Location UTM East
UTM 
North
Footwall bx 06-AV-54A MC Ep subhedral colorless Ep at the rim the cavity with partially void core NR 493806 5177764
Footwall bx 07-AV-01 MC Ep subhedral colorless and yellow/green Ep aggregates filling the MC NR 472221 5165352
Quartz gabbro Sud-009 vein Ep crystal aggregates with tabular shapes NR 468452 5162726
Quartz gabbro Sud-010 MC Ep subhedral aggregates filling the MC NR 468452 5162726
Quartz gabbro Sud-010 MC Kfs Kfs rich domains in graphic Qtz-Kfs-Ab intergrowth NR 468452 5162726
Quartz gabbro Sud-021 MC Ep overgrowths on early REE-rich epidote (MC in pegmatite) SR 484110 5148052
Quartz gabbro Sud-021 MC Ab Albite crystlas in outer cavity rim (MC in pegmatite) SR 484110 5148052
Granophyre Sud-016 IMC Ep epidote with zircon inclusions and interstitial to Qtz-Kfs-Ab NR 469335 5160958
Granophyre Sud-016 MC Ep Ep at the edge of a MC filled mainly with K-feldspar NR 469335 5160958
Granophyre Sud-016 MC Ab twinned crystal adjacent to MC NR 469335 5160958
Granophyre Sud-016 MC Kfs filling the central part of the MC NR 469335 5160958
Granophyre Sud-018 MC Ep subhedral aggregates filling the MC SR 484494 5150087
Granophyre Sud-063 vein Kfs In the central portion of a Ep-Qtz-Kfs vein with a Chl halo NR 470527 5161482
Granophyre 01-AV-436 vein Ep late yellow/green epidote aggregates NR 494004 5174920
Granophyre 01-AV-436 IMC Ep yellow/green Ep host to REE-rich epidote inclusions NR 494004 5174920
Granophyre 01-AV-436 IMC REE-Ep REE-rich epidote hosted by yellow/green epidote NR 494004 5174920
Granophyre 01-AV-491 MC Ep blocky eepdiote aggregates filling the MC NR 469275 5160937
Granophyre 01-AV-491 MC Ab euhedral albite crystlas that project into the MC NR 469275 5160937
Granophyre 01-AV-491 MC Kfs Kfs rich domains in outer graphic Qtz-Kfs-Ab cavity rim NR 469275 5160937
Onaping intrusion Sud-072 MC Ep agggregates filling the MC NR 498690 5175157
Onaping intrusion Sud-072 MC Kfs Kfs in the outer cavity rim NR 498690 5175157
Onaping intrusion Sud-077 MC Kfs Kfs in the outer cavity rim NR 500052 5174730
Onaping intrusion Sud-045 Breccia Kfs Kfs in the breccia matrix NR 498962 5174759
Onaping intrusion Sud-045 Breccia Kfs Kfs halo replacing albite in Onaping intrusion lithic fragments NR 498962 5174759
Onaping Fm. Sud-096 amygdule Cal filling SR 474778 5152349
Onaping Fm. Sud-102 replacement Ep replacement of lithic fragments and as inclusions in calcite NR 482605 5167723
Onaping Fm. Sud-104 replacement Cal replacing lithic fragments NR 482692 5167766
Onaping Fm. AV-451b amygdule Cal filling NR 472343 5161087
Vermilion Fm. VDM-1 laminated Cal white laminations SR 471661 5151676
Vermilion Fm. VDM-1 blocky Cal at the contact between laminated and discordant calcite SR 471661 5151676
Vermilion Fm. VDM-1 mineralized Cal associate with pyrite-chacopyrite-pyrrhotite mineralization SR 471661 5151676
Vermilion Fm. VDM-1 discordant Cal anhedral fine grain aggregates SR 471661 5151676
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Table 3.2. Structural formula calculations for representative epidote crystals from 
miarolitic cavities and veins from the SIC and Onaping intrusion, based on combined 
EMPA and Laser Ablation ICP-MS data. 
 
Major oxides in wt% determined by EMPA and trace elements in ppm determined by LA-ICP-MS. * total 
iron given as FeO. Proportions of Fe2+ and Fe3+ were estimated following the method of Petrik et al. (1995). 
Structural formula calculations were rounded to four decimal places. G: Granophyre, QG: Qtz-gabbro, OI: 
Onaping Intrusion. The trace element content of each individual analysis represents the mean value for the 
respective crystal, obtained from the LA-ICP-MS data given in appendix 8.  
Sample Sud‐009 Sud‐009 Sud‐010 Sud‐016 Sud‐018 Sud‐018 Sud‐021 Sud‐021 Sud‐021 Sud‐072 Sud‐072 01‐AV‐436 01‐AV‐436 01‐AV‐436 01‐AV‐491 01‐AV‐491
crystal # 4 2 2 1 4 5 1 2 3 1 2 2 1 3 3 4
Host QG QG QG G G G QG QG QG OI OI G G G G G
Location NR NR NR NR SR SR SR SR SR Joe Joe NR NR NR NR NR
Feature vein vein MC MC MC MC MCpeg MCpeg MCpeg MC MC vein vein IMC MC MC
Ep type Yellow Ep Yellow Ep Blocky Ep Yellow Ep Rep. Ep Blocky Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Yellow Ep Yellow Ep Yellow Ep Blocky Ep Blocky Ep
Median n=4 n=3 n=3 n=4 n=4 n=3 n=3 n=3 n=4 n=3 n=3 n=2 n=2 n=3 n=3 n=3
MgO 0.05 0.03 0.00 0.01 0.00 0.01 0.01 0.01 0.04 0.01 0.01 n.d. n.d. 0.08 n.d. 0.01
Al2O3 24.48 23.06 20.69 21.13 22.96 22.63 23.32 21.91 22.46 22.16 21.43 19.23 21.57 20.76 20.74 20.39
SiO2 37.99 38.15 38.24 37.54 38.22 37.98 38.43 38.14 37.81 37.71 37.45 37.60 37.58 37.85 37.93 37.81
CaO 23.20 22.95 22.78 22.64 22.41 22.91 22.63 22.85 22.96 22.14 22.15 22.77 21.54 22.89 22.42 22.90
TiO2 0.22 0.21 0.01 0.01 0.03 0.06 0.01 0.02 0.39 n.d. n.d. 0.03 0.02 0.03 0.07 0.03
MnO 0.06 0.14 0.04 0.08 0.22 0.04 0.17 0.10 0.04 0.20 0.35 0.01 0.22 0.11 0.00 0.02
FeO* 12.40 14.72 17.11 15.55 13.73 13.42 13.87 14.79 14.21 15.19 15.86 18.52 15.78 16.80 16.21 16.49
Total 98.41 99.26 98.87 96.97 97.56 97.04 98.44 97.82 97.90 97.42 97.26 98.16 96.70 98.52 97.38 97.66
Ni 1.43 3.64 n.d. 2.61 0.00 0.49 0.09 4.94 0.62 2.77 3.05 0.28 1.36 0.86 0.35 0.26
Cu 2.77 2.05 0.47 3.53 0.46 1.05 0.29 1.62 0.86 0.20 0.98 1.80 1.94 0.53 0.21 1.66
Zn 3.11 5.49 1.96 6.95 2.06 1.55 0.83 2.80 2.87 1.07 2.50 2.70 4.14 6.84 2.10 3.73
Rb 0.05 0.04 0.00 0.37 0.00 0.12 0.04 0.08 0.19 0.12 0.72 0.23 0.44 n.d. n.d. 0.10
Sr 1501 569 1451 536 1181 1268 1559 3704 1341 1130 965 733 687 527 18788 3603
Y 11.88 6.85 3.65 51.57 4.88 4.40 41.55 51.21 48.56 1.64 2.42 8.20 13.50 35.72 6.29 16.41
Ba 2.78 0.83 1.94 16.99 1.74 0.63 0.97 2.01 3.00 0.89 1.78 5.20 13.77 24.47 19.16 0.45
La 11.08 10.71 6.84 70.88 6.87 3.64 40.83 215.73 61.84 5.29 2.84 14.31 23.41 1.87 12.03 91.31
Ce 19.38 20.27 7.42 96.05 7.68 3.04 53.92 295.45 96.33 8.01 4.33 21.84 34.38 2.93 7.58 126.54
Pr 2.33 2.49 0.87 12.09 0.90 0.35 7.10 35.57 11.81 0.84 0.41 3.01 3.55 0.37 0.79 14.16
Nd 9.76 9.76 3.65 40.29 3.53 1.71 37.00 155.13 49.26 2.64 1.54 12.57 13.58 2.34 3.38 55.26
Sm 2.29 1.72 0.61 5.48 0.63 0.32 8.76 29.48 10.21 0.39 0.05 2.20 1.98 0.93 0.69 10.94
Eu 1.97 1.74 7.13 7.15 8.67 7.30 9.87 24.71 8.73 2.25 3.25 2.14 0.74 1.95 12.63 8.92
Gd 2.13 1.37 0.55 6.14 0.69 0.38 7.89 19.43 7.93 0.04 0.25 1.17 1.59 1.30 1.13 7.95
Tb 0.37 0.24 0.08 1.10 0.10 0.06 1.26 2.39 1.16 0.04 0.02 0.18 0.29 0.40 0.15 0.90
Dy 2.31 1.37 0.58 7.00 0.66 0.37 8.05 12.84 8.45 0.13 0.19 1.12 1.83 4.29 0.66 5.12
Ho 0.48 0.26 0.16 1.49 0.20 0.16 1.58 2.31 1.62 0.05 0.02 0.25 0.37 1.02 0.12 0.81
Er 1.56 0.72 0.38 3.84 0.48 0.45 3.31 4.48 4.40 0.11 0.12 0.73 1.01 3.04 0.21 0.90
Tm 0.17 0.11 0.07 0.39 0.08 0.06 0.39 0.35 0.78 0.02 n.d. 0.08 0.13 0.48 0.01 0.14
Yb 1.53 0.94 0.76 1.88 0.82 0.54 2.24 1.26 5.57 n.d. 0.16 0.77 1.13 2.29 0.12 0.28
Lu 0.21 0.10 0.09 0.26 0.10 0.07 0.29 0.13 0.93 0.00 n.d. 0.09 0.07 0.28 0.01 0.08
Pb 0.59 1.36 3.69 47.59 3.38 4.50 1.85 7.96 10.98 4.80 3.47 9.47 17.22 16.80 6.30 15.43
Th 0.18 0.01 1.56 1.24 1.49 n.d. 0.98 0.17 0.15 0.01 0.11 1.47 3.58 0.81 0.07 0.14
U 0.26 0.21 2.45 5.57 4.24 2.10 6.02 17.75 7.24 0.58 0.58 0.76 1.06 6.50 0.25 4.70
Si4+ 2.966 2.975 3.014 3.007 3.026 3.021 3.013 3.014 2.987 3.001 2.994 3.001 3.021 2.993 2.995 3.010
Al3+ 0.034 0.025 ‐ ‐ ‐ ‐ ‐ ‐ 0.013 ‐ 0.006 ‐ ‐ 0.007 0.005 ‐
ΣT 3.000 3.000 3.014 3.007 3.026 3.021 3.013 3.014 3.000 3.001 3.000 3.001 3.021 3.000 3.000 3.010
Al3+ 2.218 2.094 1.922 1.995 2.142 2.121 2.154 2.041 2.079 2.079 2.012 1.809 2.043 1.928 1.926 1.913
Fe2+ 0.013 0.014 0.011 0.010 0.023 0.010 0.022 0.031 0.011 0.022 0.031 0.005 0.021 0.011 0.102 0.023
Fe3+ 0.796 0.946 1.117 1.032 0.886 0.883 0.888 0.947 0.928 0.989 1.029 1.231 1.040 1.100 0.968 1.075
Zn2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Cu2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ni2+ <0.001 <0.001 n.d. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Mg2+ 0.006 0.004 0.001 0.001 0.000 0.001 0.001 0.002 0.005 0.001 0.002 <0.001 <0.001 0.009 <0.001 0.002
Ti4+ 0.013 0.012 0.001 0.000 0.002 0.004 0.001 0.001 0.023 <0.001 <0.001 0.002 0.001 0.001 0.004 0.002
ΣM 3.047 3.070 3.052 3.039 3.053 3.018 3.066 3.021 3.045 3.091 3.075 3.047 3.105 3.050 3.001 3.014
Ca2+ 1.941 1.917 1.924 1.944 1.900 1.952 1.901 1.935 1.943 1.888 1.897 1.947 1.855 1.940 1.897 1.953
Mn2+ 0.004 0.009 0.003 0.006 0.015 0.003 0.011 0.007 0.003 0.014 0.023 0.001 0.015 0.007 0.000 0.002
Rb+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sr2+ 0.008 0.003 0.008 0.003 0.006 0.007 0.008 0.020 0.007 0.006 0.005 0.004 0.004 0.003 0.102 0.020
Ba2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Pb2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
REE3+ + Y3+  <0.001 <0.001 <0.001 0.001 <0.001 <0.001 0.001 0.003 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
Th4+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
U4+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ΣA 1.949 1.920 1.932 1.948 1.907 1.959 1.910 1.958 1.952 1.894 1.902 1.952 1.859 1.943 1.999 1.974
Major oxides (wt%) ‐ EMPA
Trace elements (ppm) ‐ LA‐ICP‐MS
Normalizatio: A+M+T=8  (apfu)
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Table 3.3. Representative structural formula calculations for various textural types of 
alkali feldspar from the SIC and Onaping Intrusion, based on combined EMPA and Laser 
Ablation ICP-MS data. 
 
 
Major oxides in wt% determined by EMPA and trace elements in ppm determined by LA-ICP-MS.  * total 
iron given as FeO. Structural formula calculations were rounded to four decimal places. Structural formulae 
were also recalculated in terms of the Ab%, An% and Or% proportions. G: Granophyre, QG: Qtz-gabbro, 
OI: Onaping Intrusion, MC: miarolitic cavity, Bx breccias, MCpeg: miarolitic cavity in pegmatite. The trace 
element content of each individual analysis represents the mean value for the respective crystal, obtained 
from the LA-ICP-MS data given in appendix 9.  
Sample Sud‐010 Sud‐016 Sud‐016 Sud‐021 Sud‐045 Sud‐045 Sud‐063 Sud‐072 Sud‐072 Sud‐077 Sud‐077 01‐AV‐491 01‐AV‐491 01‐AV‐491
Crystal # 6 4 5 4 2a 2b 2 3 4 1 2 3 7a 7b
Host QG G G QG OI OI G OI OI OI OI G G G
Location NR NR NR SR Joe lake Joe lake NR Joe lake Joe lake Joe lake Joe lake NR NR NR
Feature MC MC MC MCpeg Bx Bx vein MC MC MC MC MC MC MC
Median n=5 n=2 n=2 n=2 n=1 n=1 n=1 n=2 n=2 n=2 n=1 n=2 n=2 n=6
Mineral Or Ab Or Ab Or Or Or Or Or Or Or Ab Or Or
comment graphic next to MC filling MC MC rim matrix halo vein core MC rim MC rim MC rim MC rim MC rim graphic graphic
Na2O 0.19 10.84 0.19 10.76 0.21 0.22 0.19 0.18 0.17 0.21 0.20 10.85 0.19 0.21
MgO n.d. n.d. 0.01 n.d. <0.01 0.01 n.d. <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01
Al2O3 18.45 19.73 18.57 19.67 18.49 18.46 18.33 18.23 18.07 18.25 18.41 19.54 18.15 18.25
SiO2 64.97 69.84 64.77 69.47 64.10 64.24 64.56 63.81 64.51 64.64 64.24 69.72 64.57 65.05
CaO 0.02 0.03 n.d. 0.18 n.d. 0.01 n.d. 0.03 0.04 0.02 n.d. 0.12 0.05 0.03
TiO2 <0.01 <0.01 n.d. n.d. n.d. n.d. 0.04 0.01 n.d. 0.01 n.d. n.d. n.d. n.d.
MnO 0.01 <0.01 <0.01 <0.01 n.d. n.d. 0.01 n.d. 0.02 0.03 0.01 n.d. 0.01 n.d.
K2O 18.13 0.04 17.61 0.06 17.87 17.79 18.28 17.69 17.67 18.12 18.20 0.07 17.61 17.63
FeO* 0.03 0.01 0.05 0.02 n.d. 0.01 0.23 0.06 0.06 0.01 0.03 0.12 0.03 0.03
Total 101.80 100.50 101.21 100.16 100.67 100.74 101.64 100.00 100.54 101.30 101.11 100.43 100.62 101.21
Rb 285.4 1.2 591.4 0.7 639.5 596.2 561.0 546.2 529.6 609.6 552.9 0.4 324.2 324.2
Sr 27.6 50.5 13.8 72.4 50.7 65.4 15.8 74.4 61.8 46.8 42.4 63.4 12.0 12.0
y 2.40 0.02 0.12 0.08 0.13 7.74 0.11 2.09 0.14 0.07 0.06 0.04 4.07 4.07
Cs 0.42 0.09 0.53 0.04 0.85 0.81 0.37 0.76 0.69 0.78 0.47 0.02 0.45 0.45
Li 5.3 2.5 3.5 4.6 3.3 16.0 n.d. 5.1 1.5 1.1 1.2 2.5 0.2 0.2
Ba 0.22 0.02 0.45 n.d. 0.38 0.41 0.17 0.56 0.40 0.24 0.24 <0.01 0.16 0.15
La 0.20 0.19 0.15 0.69 0.23 38.53 0.33 2.21 0.08 0.27 0.24 0.12 0.61 0.61
Ce 0.41 0.15 0.32 2.86 0.62 85.30 0.89 3.47 0.34 0.54 0.52 0.35 0.92 0.92
Pr 0.05 0.01 0.03 0.12 0.06 6.74 0.05 0.24 0.01 0.03 0.03 0.03 0.10 0.10
Nd 0.26 0.10 0.12 0.39 0.24 23.44 0.26 0.78 0.10 0.10 0.10 0.11 0.36 0.36
Sm 0.14 0.01 0.02 0.06 0.03 3.62 0.04 0.16 0.02 0.02 0.02 0.04 0.20 0.20
Eu 0.04 <0.01 0.09 0.03 0.11 1.64 0.08 0.20 0.09 0.11 0.10 <0.01 0.08 0.08
Gd 0.12 0.02 0.03 0.02 0.03 2.55 0.02 0.26 <0.01 0.01 <0.01 0.01 0.40 0.40
Tb 0.03 <0.01 <0.01 <0.01 <0.01 0.24 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.08 0.08
Dy 0.29 n.d. 0.02 0.02 0.02 1.26 0.02 0.22 0.01 <0.01 0.01 <0.01 0.61 0.61
Er 0.25 <0.01 0.01 0.01 <0.01 0.80 0.01 0.21 n.d. <0.01 <0.01 <0.01 0.69 0.69
Lu 0.05 <0.01 <0.01 <0.01 n.d. 0.10 <0.01 0.04 <0.01 <0.01 <0.01 <0.01 0.14 0.14
Pb 2.39 0.82 1.09 0.97 0.42 1.62 0.51 11.10 5.42 0.69 0.90 4.01 2.66 2.66
Li 0.001 <0.001 0.001 0.001 <0.001 0.002 n.d. 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Na 0.061 3.136 0.065 2.950 0.065 0.065 0.064 0.053 0.052 0.065 0.064 3.038 0.067 0.073
Mg2+ n.d. n.d. 0.003 <0.002 <0.001 0.002 <0.002 <0.001 <0.001 0.003 0.003 n.d. 0.001 <0.001
Al3+ 3.652 3.469 3.847 3.277 3.451 3.301 3.779 3.200 3.267 3.429 3.514 3.326 3.808 3.805
Si 10.914 10.422 11.383 9.820 10.149 9.748 11.295 9.506 9.898 10.307 10.402 10.070 11.492 11.505
Ca2+ 0.004 0.005 n.d. 0.027 n.d. 0.002 n.d. 0.004 0.006 0.004 n.d. 0.019 0.009 0.005
Ti4+ <0.001 <0.001 n.d. n.d. n.d. n.d. 0.006 0.001 n.d. 0.001 n.d. n.d. n.d. n.d.
Mn2+ 0.001 <0.001 0.001 <0.001 n.d. n.d. 0.001 n.d. 0.002 0.004 0.002 n.d. 0.002 0.001
K 3.885 0.008 3.950 0.011 3.609 3.444 4.081 3.361 3.460 3.685 3.760 0.013 3.998 3.978
Fe2+ 0.005 0.002 0.008 0.003 n.d. 0.001 0.034 0.007 0.008 0.001 0.004 0.014 0.004 0.004
Rb 0.007 <0.007 0.015 <0.007 0.014 0.013 0.014 0.011 0.011 0.014 0.013 <0.007 0.008 0.008
Sr 2.691 4.372 1.402 5.933 4.654 5.754 1.604 6.424 5.498 4.329 3.980 5.311 1.239 1.231
Cs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ba 0.016 0.001 0.035 n.d. 0.026 0.027 0.013 0.036 0.027 0.016 0.017 <0.001 0.012 0.011
REE3+ + Y3+  <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ΣCat. 21.236 21.416 20.708 22.022 21.970 22.361 20.889 22.606 22.230 21.859 21.759 21.792 20.641 20.622
Ab% 1.55 99.59 1.62 98.71 1.78 1.85 1.53 1.56 1.46 1.72 1.68 98.96 1.65 1.80
An% 0.09 0.15 ‐ 0.90 ‐ 0.05 ‐ 0.12 0.18 0.10 ‐ 0.62 0.23 0.12
Or% 98.37 0.27 98.38 0.38 98.22 98.10 98.47 98.32 98.36 98.18 98.32 0.41 98.12 98.08
Major oxides (wt%) ‐ EMPA
Trace elements (ppm) ‐ LA‐ICP‐MS
Cations on the basis of 32 Oxygens (apfu)
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CHAPTER 4 
The roles of magmatic and hydrothermal processes in PGE mineralization, 
Ferguson Lake Deposit, Nunavut, Canada. 
 
4.1 Introduction 
 
Magmatic Ni-Cu-PGE deposits, which involve fractional crystallization of sulfide melts 
that have segregated from silicate magmas, commonly have associated hydrothermal 
alteration within and around the mineralized ores and country rocks. This close spatial 
association has led to controversy regarding the importance of fluids in the redistribution 
of PGE and chalcophile elements from base metal magmatic ores, and to models which 
advocate a primary role for hydrothermal fluids in the genesis of PGE mineralization (e.g. 
Li and Naldrett, 1992; Farrow and Watkinson, 1992, 1997; Watkinson, 1999; Carter et 
al., 2001; Watkinson et al., 2002; Lechler, 1998; Wood, 2002; Hanley, 2005). The 
Ferguson Lake Ni-Cu-Co-PGE deposit in the Canadian arctic is hosted by a 
metamorphosed gabbroic intrusion. The genesis and tectonic setting are not well 
constrained at present, although the deposit has been postulated to have evolved through 
fractional crystallization of a tholeiitic parental magma (Carter, 2006; Miller, 2007). 
Magmatic massive sulfides containing PGE occur towards the structural hanging wall of 
the meta-gabbro. A low-sulfide high-PGE style of mineralization (sulfide veins and 
disseminations) occurs 30 to 50 m below the main massive sulfide. However, the genetic 
link between these two styles of mineralization is an open question. 
 
In this paper, we present data on the chemistry of platinum group minerals (PGM) and on 
textural relationships between the PGM and the associated silicate and sulfide minerals, 
and discuss these in terms of the origin of the low-sulfide high-PGE mineralization.  We 
examine the hypotheses that the low-sulfide PGE-rich zone represents: 1) sulfide magma 
closely associated with the main massive sulfide melt, or 2) the product of the circulation 
of hydrothermal fluids, or 3) a combination of 1) and 2).  We show that hydrothermal 
alteration is complex and is present within and around the massive sulfide ores, 
throughout the low-sulfide high-PGE- mineralization, and also in the enclosing country 
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rocks. Our data suggest that although PGE mineralization in this deposit was initially 
controlled by sulfide liquid segregation, circulation of hydrothermal fluids have been an 
integral part of the development of this deposit, and were responsible for late- or post-
metamorphic redistribution and dispersion of PGE.  
 
4.2 Background 
 
4.2.1 Regional Geological Setting 
 
The Ferguson Lake deposit is located about 250 km west of Rankin Inlet (Nunavut), 
within the Hearne domain of the Archean Churchill Province in the Canadian Shield, and 
to the east of the Snowbird tectonic zone (Hanmer et al., 2004) (Fig. 4.1). The Hearne 
domain comprises tholeitic-dominated greenstone belts and associated sedimentary and 
plutonic rocks, and is further subdivided into the northwestern and central Hearne 
subdomains by the NE-trending and NW-dipping Tyrrell shear zone (MacLachlan et al., 
2000, and references therein). Within the NW Hearne subdomain, supracrustal and 
associated plutonic rocks of the Neoarchean (~2.71 - 2.66 Ga) Yathkyed greenstone belt 
(Hanmer et al., 2004, 2006) extend in a NE-SW direction in the structural hanging wall of 
the Tyrrell shear zone (Fig. 4.1). At its northeast tip, this greenstone belt has been 
postulated to include two lithologically different panels: 1) a lower panel consisting of an 
overturned sequence of greenschist- to lower amphibolites-facies volcanic and 
metasedimentary rocks, and 2) an overlying, upper panel consisting of upper amphibolite-
facies gneisses derived from volcanic and siliciclastic protoliths, and amphibolite-grade 
metavolcanic rocks, which are intruded by multiple granitoid sheets (McLachlan et al., 
2005). The stratigraphic and structural relationships of the overlaying upper panel with 
respect to the lower panel are undetermined (McLachlan et al., 2005). The age of 
syntenctonic granitic sheets within the Tyrrrel shear zone at the base of the Yathkyed 
greenstone belt yielded U-Pb ages of 2655 to 2629 Ma (McLachlan et al., 2005). These 
ages overlap with several deformational episodes that have been postulated at about 2.66-
2.62 Ga, 2.62-2.60 and 2.56-2.49 Ga within the NW Hearne subdomain (McLachlan et 
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al., 2005). The 2.66-2.62 Ga and 2.62-2.60 Ga ages were interpreted to represent the time 
of amalgamation of the NW Hearne subdomain to the Rae Domain along the Tyrrell shear 
zone, whereas the 2.56-2.49 Ga thermal event was interpreted as the result of the uplifting 
and emplacement of the Upper panel of the Yathkyed greenstone on top of the lower 
panel (McLachlan et al., 2005). As this study does not deal in detail with the regional 
geology, tectonic setting and geochronology of the Yathkyed greenstone belt the 
interested reader is referred to Davis et al. (2004), Hanmer et al. (2004, 2006) and 
McLachlan et al. (2005) for further information. 
 
4.2.2 Geology of the Ferguson Lake Area  
 
The Ferguson Lake area lies at the NE tip and towards the NW periphery of the Yathkyed 
greenstone belt (MacLachlan et al., 2000) and is represented by deformed Archean 
gneissic, metavolcanic and metasedimentary rocks and intrusive tonalitic, granitic, and 
gabbroic rocks (Fig. 4.2) (Martel and Sandeman, 2004). The precise stratigraphic 
relationships of these rocks is unconstrained. The above succession is intruded by 
Proterozoic gabbroic and syenitic plutons and associated lamprophyre dykes (Martel and 
Sandeman, 2004). Martel and Sandeman (2004) and Carter (2006) suggested that the 
dominant regional metamorphic assemblage found in the various rock types in the 
Ferguson Lake area (i.e. hornblende-plagioclase ± biotite ± garnet) indicate that peak 
metamorphism and deformation occurred under amphibolite facies conditions (cf. Spear, 
1994). At least three phases of deformation have been recognized in the Ferguson lake 
area on the basis of field mapping and petrographic studies (Martel and Sandeman, 2004; 
Carter, 2006). However, to our knowledge, there are no published geochronological data 
for the rocks that host the Ferguson Lake mineralization or for the subsequent 
metamorphism and deformation, that would allow a regional correlation with the tectono-
metamorphic events that have been documented in the Yathkyed greenstone belt 
(McLachlan et al., 2005) and elsewhere in the Churchill province (Davis et al., 2004; 
Hanmer et al., 2004, 2006). The stratigraphic and structural relationships relative to the 
upper and lower panels of the Yathkyed greenstone are also unknown.  
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4.2.3 Mineralization  
 
Massive, disseminated and vein sulfide mineralization at Ferguson Lake is hosted by a 
north-dipping gabbroic intrusion of variable thickness (10 to 600 m, Nicholson, 2007), 
that is concordant with the enclosing gneisses and amphibolites (Fig. 4.3). The sequence 
as a whole has been inferred to be part of the north-dipping limb of a regional NE-striking 
F2 fold, in which the main foliation in the lithologies is interpreted to represent an earlier 
phase of deformation associated with an F1 folding event (Martel and Sandeman, 2004). 
The F1 (and associated foliation) and the F2 folds have been inferred to represent 
deformation events at ~2.62 and 2.55 Ga that have been described to the south of 
Ferguson Lake (Martel and Sandeman, 2004, and references there in). Subsequent folding 
and ductile-brittle deformation (F3) have overprinted the earlier events, although no age 
constraints are available (Martel and Sandeman, 2004). Amphibole (± biotite) schists, 
hornblende-plagioclase gneisses and hornblendite represent the metamorphosed products 
of the meta-gabbro. Whole-rock geochemical studies suggest that this meta-gabbro is of 
tholeitic affinity (Carter, 2006; Miller, 2007). According to Martel and Sandeman (2004) 
no distinctive lithological breaks are observed within this intrusive (i.e. only gradational 
contacts), thus it was hypothesized to represent a multiphase or differentiated mafic 
intrusion (the Mixed unit on Fig. 4.2), and has been informally named the Ferguson Lake 
Intrusive Complex by the geologists that have studied  the deposit (Carter, 2006; Miller, 
2007).  
 
Based on field and petrographic observations, core logging, and preliminary whole rock 
chemical studies, it has been inferred that the Ferguson Lake Ni-Cu-Co-PGE ores 
originated through segregation and subsequent crystallization of an immiscible sulfide 
liquid, derived from a tholeiitic parental magma (i.e., the meta-gabbro) that was emplaced 
into a sequence of supracrustal rocks (Carter, 2006; Miller, 2007; Martel and Sandeman, 
2004). No geochronological data exist for the mineralization. However, Martel and 
Sandeman (2004) interpreted the mineralization to be Archean in origin assuming that: 1) 
the three main phases of deformation that have affected the sulfide mineralization and 
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enclosing host rocks at Ferguson Lake are equivalent to the Archean deformation 
episodes documented elsewhere in the Yathkyed greenstone belt (McLachlan et al., 2005, 
and references therein), and 2) the earliest phase of deformation recorded by the massive 
sulfide and enclosing meta-gabbro correcsponds to the ~2.62 Ga F1 deformation event. 
 
On surface, the mineralization strikes approximately E-W and is identified by the 
presence of a gossan that is about 30 m wide. Sampling for this study focused on selected 
drill core samples from the east zone, west zone “pit area”, and 119 extension zone, along 
the 19 km length of the property (Fig. 4.2). Helicopter VTEM conductivity surveys along 
the property have delineated the mineralized zones to depths of ~450 meters below 
surface. The West Zone hosts the majority of the indicated resources (15.3 million tonnes 
grading 0.71% nickel, 1.04% copper, 0.08% cobalt, 0.28 gpt platinum, 1.64 gpt 
palladium) of the total inferred resources (19.4 million tonnes grading 0.68% nickel, 
1.13% copper, and 0.08% cobalt, 0.28 gpt platinum, 1.75 gpt palladium ) in the deposit 
(Nicholson, 2007). Geophysical surveys have established that massive sulfide 
mineralization extends further along strike and deeper in the western portion of the 
property (Visser, 2002).  
 
Two general styles of mineralization occur in the deposit. The first constitutes the main 
Cu-Ni-Co-Pt-Pd mineralization, and consists of massive to semi-massive sulfides 
(pyrrhotite-pentlandite-chalcopyrite-pyrite) that occur as laterally discontinuous and 
irregular pods and lenses, towards the structural hanging wall of the host meta-gabbro 
(i.e. close to the surface, near the contact with the host gneisses/amphibolites) (Fig. 4.3). 
These pods and lenses are up to 21 m in thickness and from tens to hundreds of meters in 
length.   Magnetite is also an important constituent of this mineralization, and Visser 
(2002) inferred that that the PGE grade increases with the presence of magnetite. Minor 
proportions of galena have also been reported (Beirnes, 2004). Semi-massive sulfides 
(including a combination of disseminated, vein, interstitial and replacement sulfides), 
occur at the contact of massive sulfide and the enclosing country rocks. Locally, massive 
to semi-massive sulfide lenses occur at deeper levels, below the main massive sulfide, 
which have the same mineralogy as the main massive sulfide. In some cases, these 
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massive sulfides occur interstitially to coarse garnet aggregates (Figs. 4.4). Compared to 
the main massive sulfide, these semi-massive sulfide intervals display higher Pt+Pd 
grades; they are enriched in PGE by a factor of about 2 to 3 times (Fig. 4.4).  
 
The second type of mineralization in the deposit is represented by a low-sulfide style of 
mineralization that comprises mm- to cm-thick vein sulfide, disseminated, interstitial and 
vari-textured sulfides hosted by the meta-gabbro.  This style of mineralization generally 
occurs about 30 to 50 meters vertically below the main massive sulfide mineralization 
(Figs. 4.3, 4.5). This low-sulfide mineralization contains higher grades of Pt and Pd than 
the massive sulfide (Nicholson, 2007). Drill core assay data indicate that intervals of low-
sulfide high-PGE mineralization can also occur immediately below the massive sulfide, 
and, in some cases, can extend continuously to the bottom of the host meta-gabbro (Fig. 
4.5).  
 
For the deposit as a whole, Pd/Pt ratios are variable, mostly > 1, in general are decoupled 
from the Pd+Pt grades, and show no systematic variation with increasing distance from 
the main massive sulfide mineralization. However, in places (e.g., drill core FL02-142), 
high Pd/Pt ratios (up to 150) are found close to the footwall contact between the host 
meta-gabbro and the enclosing gneisses and amphibolites (Fig. 4.4), although these are 
associated with low-grade mineralization. 
 
4.3 Methods 
 
Mineralogical and textural studies were performed using conventional transmitted and 
reflected light microscopy in combination with Scanning Electron Microscopy (SEM). 
The SEM was an FEI Quanta 200f Field Emission Scanning Electron Microscope (FE-
SEM). Mineral chemistry was determined using an EDAX Energy Dispersive 
Spectrometer (EDS) coupled to the SEM. The EDS analyses were conducted under high-
vacuum conditions, with a beam size of ~3.2 μm, an accelerating voltage of 20 kV, and a 
working distance of ~12 mm.  Peak positions on the EDS spectra were calibrated using 
pure metal standards (i.e Cu and Al). Interferences due to potential peak overlap for the 
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characteristic emission lines of the elements in the analyzed PGM were assessed using 
standard procedures (Lyman  et al., 1990; Goldstein et al., 2003; L. Cabri, pers. comm. 
2009). This involved assigning possible emission lines to the peaks present, and 
comparing the low and high energy regions of the spectrum (e.g. K and L lines, 
respectively). High energy peaks that are equivalent to overlapping low-energy peaks are 
separated by greater energy differences and appear as single peaks. Where necessary, the 
beam energy was increased in order to excite higher energy lines.   Corrections were 
performed using standard ZAF routines.  
 
For all PGM analyzed, which in most cases were quite small, the host minerals were also 
characterized using EDS to assess possible contamination. In order to assess the accuracy 
of the EDS results, quantitative chemical analysis of selected PGM grains of various sizes 
were carried out using an electron microprobe (EMP). The EMP measurements were 
determined at the University of Michigan Electron Microbeam Analysis Laboratory 
(EMAL), using a CAMECA SX100 with five x-ray wavelength dispersive spectrometers 
(WDS). Operating conditions were: accelerating voltage 20 kV, sample current 10 nA, 
counting time 20 s, and 2 µm electron beam diameter. All analyses were performed on 
standard carbon-coated polished thick sections. The standards used for the WDS analyses 
were: pure metals (Pd, Pt, Au, Ag, Bi, Te, Sb), As on arsenopyrite (S: 21.03%, Fe: 
34.51%, As: 44.44% ) and Rh on synthetic CeRhSn (Ce : 38.7376%, Rh : 28.4493%, Sn : 
32.8131% ). A comparison between the EDS (Table 4.1) and the WDS results (Table 4.2) 
shows there is a good correlation between the two data sets, and that concentrations 
determined by EDS are generally within 10 % of those determined by EMP. 
 
4.4 Results 
4.4.1 Host Rocks 
 
The mineralogy of the meta-gabbro that hosts the deposit is dominated by plagioclase-
hornblende aggregates, with subordinate amounts of biotite, quartz, and garnet. On the 
basis of mineralogy, grain size, and the degree of foliation development, four main rock 
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types can be recognized, all of which represent various types of metamorphosed gabbro. 
Amphibole schists (Fig. 4. 6a) are fine- to medium-grained, with ~60 to 70 % hornblende, 
~20 to 30 % plagioclase, and biotite and quartz in proportions less that 5%; the foliation 
is defined primarily by the orientation of the hornblende aggregates. Amphibole-biotite 
schists (Fig. 4. 6b) are medium- to coarse-grained and consist of lesser proportions of 
hornblende (~50 %) than the amphibole schists, have similar plagioclase contents (~20 to 
30 %), biotite (up to ~15 %), and 5 to 10 % quartz.  These characteristically display an 
anastomosing foliation (Fig. 4. 6b) that comprises mm-scale laminae of plagioclase, 
biotite, and lesser quartz that wrap around hornblende aggregates. Hornblende-
plagioclase gneisses (Fig. 4.4c) are mostly medium-grained and generally consist of 
interlayered hornblende-rich and plagioclase-rich bands with lesser biotite, the latter 
generally being associated with the plagioclase-rich bands. These are commonly 
interbanded with amphibole schists. Hornblendite (Fig. 4.6d) can be massive or foliated 
and consists of ~90 % hornblende aggregates, with variable proportions of biotite, 
chlorite, plagioclase, and quartz making up the remaining 10%. Coarse garnet occurs in 
some foliated hornblendite horizons adjacent to massive sulfide mineralization, with the 
foliation bending around the garnet crystals. Martel and Sandeman (2004) indicated that 
hornblendite intervals are locally observed adjacent to massive sulfide mineralization. 
Otherwise, the sequence consists of alternating bands or lenses of the four main rocks 
types without any regular spatial or stratigraphic distribution, and of undetermined lateral 
continuity. 
 
4.4.2 Massive and Disseminated Magmatic Sulfides 
 
The massive sulfides predominantly comprise pyrrhotite - chalcopyrite - pyrite  ±  
pentlandite aggregates. Pyrrhotite is the main component of the massive sulfides and is 
found as subhedral to anhedral crystals of variable size ranging from a few millimetres 
(Fig. 4.7a) to a few micrometers across. Chalcopyrite is the second most abundant 
mineral in the massive sulfide and occurs as irregular patches interstitially to pyrrhotite 
aggregates, at the contacts between the massive sulfide and the country rocks (Fig. 4. 7a), 
adjacent to hornblendite inclusions (Fig. 4.4), or enclosing magnetite crystals and 
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hornblende inclusions within the massive sulfide (Fig. 4.7b). Pyrite is also a relatively 
important constituent of the massive sulfide, displaying various habits including irregular-
anhedral, subhedral, and cubic, and varying in size from sub-microscopic to coarse grains 
that are visible in hand sample. Pyrite occurs as single crystals or as aggregates of two or 
three crystals enclosed dominantly by pyrrhotite, and in some instances associated with 
patches of chalcopyrite.  Some pyrite crystals contain quartz and hornblende inclusions 
that either display a concentric or an irregular distribution. Pentlandite occurs in minor 
proportions as two textural types: (1) exsolution flames that can be found randomly 
distributed within the host pyrrhotite crystals, at the edges of pyrrhotite, at the contacts 
between pyrrhotite and chalcopyrite, or at the contact with silicate and magnetite 
inclusions, and (2) blocky pentlandite, which is found partially to totally enclosed by 
pyrrhotite, or interstitial to pyrrhotite aggregates (Fig. 4.7b). Magnetite is the main oxide 
found in the massive sulfide. It is observed as both aggregates (Fig. 4. 7c), or as isolated 
sub- to anhedral crystals embedded within the massive sulfide (Fig. 4. 7a, b). Some large 
crystals contain numerous rounded pyrrhotite inclusions.  
 
In the host rocks, disseminated sulfides (pyrrhotite and chalcopyrite) that are 
characterized by sharp and commonly rounded contacts (i.e., equilibrium boundaries) 
with the enclosing silicates occur both close to and at some distance from the massive 
sulfide mineralization, including just below the low-sulfide-PGE zone (Fig 4. 7d).   These 
generally occur interstitially to hornblende aggregates in hornblendite and amphibole 
schists. In most such assemblages, pyrrhotite dominates over chalcopyrite, although in 
some samples chalcopyrite is the dominant phase. Exsolution-flame and blocky 
pentlandite in pyrrhotite also occur in these interstitial sulfides.  
 
4.4.3 Vein and Replacement Assemblages 
 
The host rocks to the mineralization have been metamorphosed to amphibolite grade and 
so no primary magmatic silicate minerals or textures are preserved. The dominant 
metamorphic mineral assemblage (hornblende - plagioclase ± biotite ± garnet) has been 
veined and replaced by a variety of alteration assemblages which comprise variable 
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amounts of chlorite, epidote, K-feldspar, quartz, calcite, pyrite, pyrrhotite, and 
chalcopyrite. Most of the veins range from 0.5 to 5 mm in width, irrespective of their 
mineralogy, although some veins (a minority) are on the order of 10 mm thick. The veins 
in general show no preferred orientation with respect to the foliation (i.e., they intersect 
the foliation at a variety of angles), or show any spatial association with the massive 
sulfide mineralization. For example, chlorite veins occur adjacent to the massive sulfide, 
and also at different depths above and below the massive sulfide, including within the 
zones of low-sulfide high-PGE mineralization. The most common vein types are listed 
below, with the dominant minerals in bold (see Table (i) for abbreviations): 
· Ksp 
· Chl-Ep-Qtz ± Py-Cpy-Po-Pl-Ser  
· Ep ± Cpy-Py-Po-Qtz-Chl 
· Po-Cpy-Py (in variable proportions) ± Pn-Mag 
· Cal-Qtz±Chl 
· Qtz ± Py 
 
Chlorite is the most common alteration mineral, and can be found disseminated through 
the various rock types replacing, by itself, hornblende, biotite or garnet to various 
degrees, as chlorite selvages adjacent to massive sulfide mineralization (Fig. 4.9f), and as 
fine-grained aggregates along sulfide grain boundaries in the massive sulfide (locally 
associated with calcite). Locally, strong (i.e., pervasive) chlorite - quartz (± calcite) 
alteration assemblages are associated with sheared and deformed semi-massive sulfides 
from the periphery of the deposit (east and 119 zones). In addition, chlorite occurs: in 
barren veins, intergrown with sub-equal proportions of epidote and quartz ± pyrite - 
chalcopyrite - pyrrhotite - plagioclase - sericite, which cut the foliation at various angles 
(Fig. 4.8a), and with calcite and chalcopyrite replacing hornblende along cleavage planes 
and fractures (Fig. 4.8b).  
 
Non vein-related epidote replaces plagioclase to various degrees and is mainly found 
disseminated through various rock types in the host meta-gabbro, although it may form 
epidote-rich patches and planar aggregates that occur at various angles to the foliation 
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(Fig. 4.8c). Furthermore, epidote is found in veins intergrown with lesser proportions of 
pyrite and chalcopyrite ± pyrrotite (Fig. 4.8d), which display sharp contacts with the 
enclosing host rocks. 
 
Patchy quartz alteration (Fig. 4.8e) occurs associated with lesser proportions of chlorite 
replacement after hornblende in unmineralized rocks away from the main massive sulfide 
mineralization. Strong (i.e., pervasive) quartz - chlorite ± calcite replacement assemblages 
of hornblende occur adjacent to the main massive sulfide mineralization (Fig. 4.4), and 
also contain vari-textured semi-massive sulfide mineralization. In addition, quartz is 
present in barren composite quartz-calcite veins, which have minor chlorite alteration 
selvages (Fig. 4.8f). Locally, quartz veins with minor pyrite cut pervasive chlorite 
alteration associated with the sheared pyrite  pyrrhotite - chalcopyrite mineralization in 
the west zone pit area. 
 
In the vein and non-vein related alteration assemblages described above, calcite occurs in 
subordinate amounts, for example as veinlets that fill dilatant sites along cleavage planes 
in hornblende crystals (Fig. 4.8b). However, patches and bands dominated by 
replacement calcite ± pyrite occur subparallel to the foliation (Fig. 4.8g), in which calcite 
encloses and displays irregular contacts with the metamorphic plagioclase-hornblende 
assemblage. Some calcite bands have pyrite associated with them (Fig. 4.8 g). 
 
K-feldspar replaces plagioclase to variable degrees, and can be disseminated (Fig. 4.8a) 
or occur as larger patchy aggregates. In addition, K-feldspar occurs in veins that display 
sharp contact with the enclosing host rocks, and are crosscut by barren chlorite - epidote 
veins (Fig. 4.8a). Some K-feldspar veins are cut by chlorite-epidote veins (Fig. 4.8a). 
 
Overall, the silicate-dominated veins have irregular morphologies and cut the foliation of 
the enclosing rock types at various angles, but are not visibly folded or deformed. 
 
Other non vein-related alteration minerals are as follows.  Fine-grained aggregates of 
white mica (i.e., sericite) have replaced plagioclase to various degrees, and in some cases 
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occur associated with epidote replacement. Disseminated and volumetrically minor biotite 
replaced hornblende along grain boundaries or cleavage planes, and plagioclase. This is in 
contrast to the metamorphic biotite in amphibole-biotite schists that occurs as subhedral 
crystals intergrown, and in sharp contact, with hornblende and plagioclase. Locally, 
actinolite has replaced hornblende around grain boundaries. Anhedral crystals of ilmenite 
with reaction rims of titanite occur included in plagioclase, particularly where epidote has 
replaced plagioclase, but also in hornblende. Locally, chlorite-plagioclase-biotite 
aggregates with traces of sulfides replace garnet along fractures and edges (Fig. 4.10c).  
 
Sulfide veins are common and occur throughout the various rock types that comprise the 
host meta-gabbro at variable distances from the massive sulfide. Sulfide veins are 
composed of variable proportions of pyrrhotite, chalcopyrite, pyrite and pentlandite. In 
most samples, pyrrhotite is the dominant mineral, although chalcopyrite or pyrite can also 
be the dominant phase. Pentlandite is always an accessory phase. Although rarely 
observed, replacement sulfides also occur. Chalcopyrite (associated with chlorite) has 
replaced biotite and hornblende adjacent to massive sulfide. Pyrrotite and chalcopyrite 
have replaced and veined hornblende adjacent to disseminated interstitial sulfide 
mineralization (Fig. 4. 7e). 
 
Early sulfide veins are represented by folded pyrrhotite-chalcopyrite veins that parallel 
the foliation (Fig. 4.8h).  However, this type of vein was rarely observed and most sulfide 
veins show no evidence of deformation (folding or boudinage) at the drill core sample 
scale, display planar or irregular patterns, and have variable orientations with respect to 
the foliation, ranging from sub-parallel (Fig. 4.5) to almost perpendicular (Fig. 4.6d).  
 
The sulfide veins mostly occur in rocks that have been altered to chlorite, and to a lesser 
extent epidote. In many cases, the alteration is pervasive and cannot be directly related to 
the veins, but in some samples the alteration occurs as a discontinuous halo around the 
sulfide veins, most commonly comprising chlorite ± epidote aggregates that replace 
hornblende (Fig. 4.8i). It is common for pyrrhotite ± chalcopyrite and chalcopyrite ± 
pyrrhotite veins to emanate from the massive sulfide (Fig. 4.8j), and can be associated 
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with alteration assemblages comprising some combination of chlorite ± epidote - quartz - 
calcite (Fig. 4.7a, 4.8b,). Pyrrhotite veins with smaller chalcopyrite veinlets that branch 
off from the main pyrrhotite vein are common. In general, traces of chlorite, quartz, 
epidote, and calcite may occur in the pyrrhotite/chalcopyrite dominated veins, irregularly 
distributed along the vein. 
 
Pyrite veins containing lesser proportions of chalcopyrite and pyrrhotite, and associated 
with discontinuous chlorite-epidote alteration haloes also occur. Hornblende inclusions 
enclosed by pyrite are also commonly found in these veins. Within a zone of low-sulfide 
high-PGE mineralization, pentlandite aggregates were also observed in the altered 
wallrock adjacent to a pyrite vein and its chlorite-epidote alteration halo, where 
pentlandite displays a myrmekitic intergrowth with Ni-bearing pyrite (Fig. 4.11). The 
latter also replaces the pentlandite around its edges and along fractures. The pentlandite 
aggregates are elongated in the plane of the foliation, and contain rounded hornblende 
inclusions (Fig. 4.11).  
 
Overall, there is no observed correlation between the distribution of sulfide-dominant 
veins and the various types of silicate-dominant veins.  However, in most samples, sulfide 
veins occur together with one or more types of silicate-dominant veins, which may also 
contain lesser sulfides (Fig. 4.5f).  The opposite is not true; i.e. sulfide veins are not 
always present with silicate veins. Furthermore, there are no consistent crosscutting 
relationships in that different types of silicate and sulfide-rich veins crosscut one another 
(e.g Fig. 4.8a). 
 
4.4.4 Platinum Group Minerals (PGM)  
 
The most abundant PGM are Pd-bismuthtellurides, which comprise about 80% of the 
identified grains, followed by Pd-arsenoantimonides (16%) and Pt-arsenides (4%) (Table 
4.1). These PGM have a variety of habits, including rounded, oval, elongated and 
irregular (anhedral); less frequently they occur as subhedral, tabular crystals. The PGM 
vary considerably in size, from 1 x 2 µm (and smaller) to 70 x 100 µm, although most are 
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between 4 x 7 to 15 x 28 µm. Among the bismuthtellurides, the majority of PGM are 
represented by the kotulskite (PdTe) - sobolevskite (PdBi) solid-solution series (Pd1.3-1.6 
Bi0.3-1.2Te0.2-1.2), but also include, in decreasing order of abundance, bismuthian-
merenskyite (Pd1.0-1.2 Bi0.2-0.6Te1.3-1.7), michenerite (Pd0.9-1.Bi0.9-1.1Te0.9-1.0) and froodite 
(Pd0.9-1.0Bi2.0-2.1) (Fig. 4.13a-c). Most of the Pd-arsenoantimonides found are mertieite II 
(Pd7.4-8.2[Sb0-07,As2.1-2.9]); one grain of stillwaterite (Pd8As3) was observed. The only Pt-
arsenide found is sperrylite (PtAs2). The EMP analyses revealed that the Pd-
bismuthtellurides contain traces of Pt, As and Sb (up to 2.6 wt% combined), and the Pt 
arsenides and arsenoantimonides contain traces of Pd, Bi, and Te (less that 1.7 wt% 
combined). In addition, although Au was not detected by EDS, the EMP results showed 
that Au may be present, at levels of up to 0.02 wt%. 
 
In the main massive sulfide, the observed PGM are found in a variety of textural settings 
including: along grain boundaries between pyrite and pyrrhotite associated with chlorite ± 
calcite assemblages (Fig. 4.9a), partially enclosed by pyrrhotite at the contact with 
hornblende inclusions (Fig. 4.9b), associated with chlorite at the contact between 
chalcopyrite and magnetite (Fig. 4.9c), completely enclosed by pyrrhotite and 
chalcopyrite (Fig. 4.9d), or at sulfide-sulfide contacts. Mertieite II was observed 
completely enclosed by chalcopyrite and at contacts with hornblende inclusions within 
chalcopyrite.  Palladium bismuthtellurides are also the main PGM type found in the semi-
massive sulfides that occur interstitially to coarse garnet crystals (Fig. 4.4).  These occur 
in pyrrhotite (Fig. 4.10c) or at the contact between pyrrhotite and pentlandite flames (Fig. 
4.10d).  In additon, a single grain of stillwaterite (Pd8As3) was found in the chlorite-
plagioclase-biotite aggregates which replace these garnet crystals at their rims and along 
fractures (Fig. 4.10e). The sheared semi-massive sulfide intervals are also characterized 
by the presence of Pd-bismuthtellurides in similar textural settings (i.e., hosted by 
pyrrhotite, chalcopyrite or at pyrrhotite/hornblende and pyrrhotite/chlorite contacts).  
 
Vari-textured semi-massive sulfide associated with strong (i.e., pervasive) quartz-chlorite 
± calcite replacement (Fig. 4.6) also contains Pd-bismuthtellurides. These are also found 
at the edges of hornblende inclusions within pyrrhotite and chalcopyrite, and may form 
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linear arrays along the contact between pyrite and pyrrhotite (Fig. 4.9e). Just above the 
main massive sulfide, Pd-bismuthtellurides are also hosted by chalcopyrite/pyrrhotite 
veinlets and clots, and by hornblende crystals replaced by chlorite. Pd-bismuthtellurides 
also occur in chlorite selvages at the contact between the massive sulfide and the 
enclosing rocks (Fig. 4.9f), in contact with magnetite inclusions hosted by pyrrhotite (Fig. 
4.9g), at the contact between pyrrhotite and pentlandite (Fig. 4.9h), hosted by pyrrhotite 
only, and at the contact between chalcopyrite and hornblende inclusions partially replaced 
by chlorite.  
 
Below the main massive sulfide horizon, Pd-bismuthtellurides are also the most common 
PGM, and occur over a significant stratigraphic interval and in a variety of textural 
settings including: sulfide veins and their chlorite-epidote alteration haloes, in hornblende 
associated with chlorite-quartz alteration, and disseminated interstitial sulfides. In sulfide 
veins, these PGM were observed in pyrite, at pyrite/chalcopyrite contacts, and at the 
contact between pyrite and hornblende inclusions in pyrite (Fig. 4.10a), but also in vein 
pyrrhotite, chalcopyrite and at the contact with hornblende inclusions in these sulfides. In 
one sample, sperrylite (PtAs2) was observed as rounded grains associated with chlorite ± 
quartz that had replaced hornblende along cleavage planes and micro-fractures (Fig. 
4.10b). Although this sample contains pyrrhotite-chalcopyrite ± calcite veins, these are 
not physically connected with the observed PGM. A crystal of sperrylite was also 
observed within pervasive chlorite alteration spatially associated with sheared pyrite-
pyrrhotite-chalcopyrite mineralization. In the disseminated interstitial sulfides Pd-
bismuthtellurides are hosted either within chalcopyrite and pyrrhotite, at 
pyrrhotite/pentlandite/quartz contacts (Fig. 4.10f) and at chalcopyrite/hornblende 
contacts.  
 
In addition to the above textural relationships, PGM were also identified in chlorite-
epidote selvages around pyrite veins within intervals of low-sulfide high-PGE 
mineralization (Fig. 4.11). In one vein (pyrite >> chalcopyrite-pyrrhotite) that is sub-
parallel to the foliation, the PGM are mertieite II, [Pd8(Sb,As)3], and are hosted within 
pyrite, either at the contact between pyrite and hornblende inclusions, or within the 
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hornblende inclusions. One of these PGM in the pyrite vein contains a native gold 
inclusion. In contrast, PGM in the chlorite-epidote halo are Pd-bismuthtellurides. In both 
cases, the PGM are anhedral. In the vein, the PGM have relatively smooth boundaries, 
whereas in the chlorite-epidote halo, the PGM have jagged edges. 
 
4.5 Discussion 
 
4.5.1 Paragenetic Model 
 
The morphology of the main massive sulfide orebodies (stratiform lenses) and their 
distribution in a stratigraphic horizon near the margin of a meta-gabbroic intrusion is 
consistent with crystallization of these sulfides from an accumulated sulfide liquid that 
separated from a gabbroic magma that was emplaced into Neoarchean supracrustal rocks. 
This sequence was subsequently affected by a series of tectono-metamorphic events that 
are most likely related to those that have been described elsewhere in the NW-Hearne 
subdomain (McLachlan et al., 2005). In the absence of primary igneous silicates, the 
massive and interstitial sulfide mineralization represent the earliest assemblages in the 
deposit. The dominant metamorphic assemblages (i.e. hornblende – plagioclase ± biotite 
± garnet) represent the metamorphic equivalent of the primary igneous silicates. A 
subsequent protracted water-rock interaction history is indicated by the occurrence of 
various veins and alteration assemblages in the metamorphosed rocks. A paragenetic 
sequence is presented in Figure 4.12. Uncertainties exist in the relative timing of some 
assemblages as not all could be related to one another.  Also, as most of the samples came 
from core, large-scale folds could not be identified, allowing the possibility that some of 
the post-F1 assemblages were deformed during later-stage F2 and F3 deformation. 
 
Pyrrhotite, chalcopyrite, magnetite, pentlandite and pyrite are the principal minerals 
found in the massive sulfides at Ferguson Lake.  This assemblage is consistent with a 
model in which the massive sulfides formed through sulfide liquation as these are also the 
minerals that characterize magmatic sulfide ores containing PGE in unmetamorphosed 
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deposits (Naldrett, 2004). In such deposits, these minerals generally form massive sulfide 
ores (sulfide-oxide cumulates), which evolved through fractional crystallization of the 
immiscible sulfide liquid upon cooling (cf., Mungall and Naldrett, 2008).   
 
At Ferguson Lake, the same assemblage of sulfides occurs interstitially to silicates in the 
host metagabbro, forming net-textured aggregates (cf. Naldrett, 2004) that display 
equilibrium contacts between the sulfide and silicate minerals. In a magmatic segregation 
profile, interstitial sulfides typically overlie massive sulfide bodies, however, interstitial 
magmatic sulfides can also be found underlying massive sulfide ores, which has been 
interpreted to be the result of intracrystalline flow of dense sulfide liquid into the footwall 
(Naldrett, 2004). In some deposits, the occurrence of two or more zones of massive, 
interstitial (i.e., net-textured), and disseminated sulfides has been postulated to be the 
result of multiple pulses of sulfide emplacement (Naldrett, 2004, and references therein). 
Although in the studied samples, the original igneous silicate mineralogy has been 
obscured by metamorphism, the massive sulfide ores and the disseminated interstitial 
sulfides, are interpreted as magmatic textures that resulted from sulfide liquid 
segregation, accumulation and crystallization, in a manner that is compatible with the 
general model accepted for fractional crystallization of magmatic Ni-Cu-PGE liquids (e.g. 
Naldrett 2004, Mungall, 2005).  The majority of the net-textured sulfides occur 
structurally below the massive sulfides.  Given a “normal” profile, in which the net-
textured sulfides represent the percolation of sulfide liquids downwards towards the 
accumulating massive sulfide, the distribution of sulfides at Ferguson Lake suggests that 
the deposit is inverted and that the massive sulfides accumulated at the base of the 
intrusion. 
 
The massive sulfide (Fig. 22 in Martel and Sandeman, 2004) and some sulfide veinlets 
(Fig. 4.8h) were folded. However, as most planar sulfide veins (Fig. 4.6d), silicate (Fig. 
4.8a), and silicate-sulfide veins (Fig. 4.5) cut the foliation, and postdate metamorphic 
assemblages (Fig. 4.8b), they must be related to hydrothermal circulation following the 
development of the penetrative F1 foliation and peak metamorphism.  Their timing 
relative to the subsequent deformation and folding events (F2 and F3) is, however, 
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uncertain.  Platinum group minerals occur in planar pyrite ± chalcopyrite-pyrrhotite and 
pyrrhotite/chalcopyrite veins and in their chlorite-epidote halos, requiring that late 
hydrothermal fluids were responsible for late- or post-metamorphic mobilization and 
precipitation of PGM (Fig. 4.12). 
 
4.5.2 The Role of Magmatic and Hydrothermal Processes in PGM Mineralization 
 
Possible precipitation mechanisms for PGM include: (1) direct crystallization from a 
sulfide melt accompanying the crystallizing of sulfide minerals (Naldrett and Duke, 1980; 
Mungall, 2005), (2) sub-solidus exsolution from base metal sulfides following 
crystallization of sulfide liquids (e.g. Makovicky, 2002; Peregoedova et al., 2004), (3) 
precipitation from hydrothermal solutions that have obtained their PGE either from a 
magma (volatile exsolution) or through dissolution from base metal sulfides and 
magmatic PGM (Li and Naldrett, 1992, 1993; Wood, 2002; Hanley, 2005), or a 
combination of these processes. Below, we examine the question of the origin of the low-
sulfide PGE-rich zone.  Specifically, whether it represents sulfides and PGM that 
crystallized from sulfide liquids that were genetically related to the main massive sulfide 
bodies, the product of the circulation of hydrothermal fluids, or a combination of both. 
  
4.5.2.1 PGM Exsolution from Magmatic Sulfides 
 
In massive to semi-masssive and interstitial sulfides (i.e., magmatic sulfides), PGM are 
hosted within sulfides (mainly pyrrhotite), at the edges of sulfides, or at the contact 
between sulfides (pyrrhotite-pyrrhotite, pyrrhotite-chalcopyrite, pyrrhotite-exsolution 
flames of pentlandite), implying that the PGM mineralization was associated with the 
precipitation of sulfides, or possibly resulted from exsolution from the base metal sulfides 
during cooling and crystallization. A considerable number of PGM in the magmatic 
sulfides also occur at the margins of sulfides in contact with alteration minerals, 
suggesting the possible involvement of late hydrothermal solutions. This will be 
discussed below. 
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When plotted on a ternary Pd-Bi-Te diagram (c.f. Hoffman and McLean, 1976), the PGM 
in the magmatic sulfides display variable compositions, mainly in Bi/Bi+Te. Most plot 
towards the sobolevskite end-member of the kotulskite-sobolevskite solid-solution series, 
some towards the kotulskite end-member, some others close to the stoichiometric 
composition of michenerite and froodite, and one at intermediate values between the 
composition of michenerite and merenskyite (i.e. bismuthian-merenskyite) (Fig. 4.13a).  
 
The textures described above have been observed for Pt-Fe alloys, Pt-Pd sulfides, Pt-Pd 
bismuthtellurides in other natural samples (Godel et al., 2007; Godel and Barnes, 2008; 
Barnes et al., 2008) and produced experimentally (Ballhaus and Ulmer, 1995; 
Peregoedova and Ohnenstetter, 2002;  Peregoedova et al., 2004; Helmy et al., 2007), and 
were suggested to represent exsolution of PGM from base-metal sulfides at temperatures 
below the solidus of sulfide magmas (Makovicky, 2002). Experimental and empirical 
studies have also shown that PGM (e.g., laurite [(Ru,Os,Ir)S2], PGE arsenides and 
stibioarsenides) can crystallize directly from sulfide or silicate melts, and can be 
incorporated into subsequently crystallized sulfides and silicates (Hiemstra, 1979; Brenan 
and Andrews, 2001; Fiorentini et al., 2004; Godel et al., 2007; McDonald, 2008).  
 
Based on the available data, it is more likely that PGM in magmatic sulfides at Ferguson 
Lake, which are mostly Pd-bismuthellurides, formed through exsolution.  This is because 
the PGM in question have not been shown to crystallize directly from melts and because 
the textural characteristics and location of the PGM are analogous to those produced in 
the slowly cooled MSS experiments of Peregoedova et al. (2004). Some of the studied 
bismuthtellureides are sub- to euhedral, and could be interpreted as the result of direct 
precipiaiton from sulfide liquids. However, Peregoedova et al. (2004) also demonstrated 
that such morphologies can result from subsolidus reequilibration and recrystallization 
during cooling, producing crystals of similar morphologies to those that have crystallized 
directly from sulfide magmas. Many of the PGM in the studied samples are found within 
sulfides, but a significant number are located at sulfide-sulfide and sulfide-silicate 
(amphibole, chlorite) boundaries. The latter could also be interpreted as the result of 
direct precipitation from sulfide liquids, where silicates (pyroxene?) within the sulfide 
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magma acted as nucleation surfaces for PGM crystallization.  These are now either 
amphibole or chlorite as a result of metamorphism and subsequent alteration.  However, it 
has been suggested that the occurrence of Pd-bearing PGM at the edges of sulfides is 
related to the the higher mobility of palladium (compared to platinum or iridium), which 
can more easily diffuse to sulfide grain boundaries during exsolution (Peregoedova et al. 
2004). 
 
An additional reason why the bismuthotellurides likely formed as a result of exsolution is 
that the observed assemblages are only stable at < ~600°C (Hoffman and McLean, 1976). 
Solid solution exists between kotuslkite and merenskyite from 575 to 710 °C, but are 
separated by an immiscibilty region below 575°C (Hoffman and McLean, 1976). Thus, 
the lack of intermediate compositions between kotulskite and mereskyite (solid solution) 
and the lack of exolution textures, (i.e., kotulskite exsolved from merenskyite), the 
occurrence of individual grains of Bi-bearing merenskyite, and the similarity of the PGM 
compositions to the phases coexisting at 489 °C in the Pd-Bi-Te experiments of Hoffman 
and McLean (1976), indicate that the studied bismuthellurides formed at T <600 °C. In 
addition, the melting temperature of froodite is 485°C (Cabri and Laflamme, 1976) and 
michenerite melts between 489° and 501°C, depending on the Bi content (Hoffman and 
McLean, 1976).  However, the crystallization temperatures of most sulfide magmas range 
from about 1100 ºC to 850 ºC (Naldrett, 2004), which suggests that the PGM at Ferguson 
Lake could not have crystallized directly from a sulfide magma.  Sulfide magmas can 
exist to lower temperatures (200-700 °C) if they are Cu-rich and enriched in Pt, Pd, Au, 
Ag, S, Te, Bi, Sb, As, and Cl (Ballhaus and Ulmer, 1995; Makovicky, 2002; Peregoedova 
et al., 2004; Naldrett 2004; Mungall, 2005; Helmy et al., 2007; Holwell and McDonald, 
2007; Mungall and Naldrett, 2008).  Thus, if the PGM had crystallized directly from such 
low-temperature magmas, they should be associated with chalcopyrite.  Although some 
are, most of them are associated with pyrrhotite, which again supports crystallization via 
exsolution. 
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4.5.5.2 Hydrothermal Effects  
 
Planar (undeformed), sulfide and sulfide-silicate veins containing PGM that crosscut the 
foliation at variable angles must have been precipitated from post-metamorphic 
hydrothermal fluids of undetermined provenance, chemical and isotopic character.  Given 
the proximity of these veins to the massive sulfides, these fluids presumably obtained 
their metals (including PGE) and sulfur through interaction with (leaching and alteration) 
of the massive sulfides. The most characteristic textures indicative of post-metamorphic 
sulfide and PGM mineralization include: 1) variable proportions of sulfides, silicates and 
carbonates (pyrrhotite-chalcopyrite-pyrite-chlorite-epidote-quartz-calcite) that vein and 
replace the metamorphic mineral assemblages (Figs. 4.5e, 4.8a), both adjacent to and at 
considerable distance from the massive sulfide, including in the low-sulfide high-PGE 
zones, 2) sheared and deformed semi-massive sulfides with abundant, late chlorite-
calcite-epidote alteration and associated PGM mineralization; 3) late sulfide veins 
crosscutting the foliation and coarse garnet crystals (Fig. 4.4d); 4) PGM hosted within 
post-metamorphic pyrite veins and their chlorite-epidote halos (Fig. 4.11); 5) 
hydrothermal myrmekitic pentlandite-pyrite intergrowth associated with the PGM-
mineralized pyrite veins with chlorite-epidote haloes in the high-PGE zone; 6) PGM 
hosted by chlorite-plagioclase-biotite assemblages that replace and vein garnet crystals 
(Fig. 4.10d);  7) PGM associated with chlorite-quartz alteration along cleavage planes in 
hornblende without any physical connection with sulfide mineralization (Fig. 4.10b); and 
8) PGM hosted by chlorite selvages adjacent to massive sulfide mineralization (Fig. 4.9f).   
 
However, as noted above, uncertaintly in the relative timing and correlation between 
some of the alteration assemblages, and the possibility that some of the alteration and 
vein assemblages that postdate the F1 foliation were further affected by late-deformation 
events (F2 and F3), preclude further interpretation with regards to timing.  On the other 
hand, the folded sulfide veins present at different levels below the massive sulfide likely 
represent crystallized sulfide liquids genetically related to the main massive sulfide and 
interstitial sulfide mineralization.  
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About 10-20 % of the studied samples that contain sulfide veins (pyrite >> chalcopyrite, 
pyrrhotite), display discontinuous chlorite-epidote vein halos.  Platinum group minerals 
that are clearly hydrothermal are represented by those from the low-sulfide high-PGE 
zone that are completely hosted within chlorite-epidote haloes adjacent to pyrite veins and 
those within the pyrite veins (Fig. 4.11a). Both groups have compositions that are more 
restricted than the magmatic PGM, and plot towards the kotulskite end member of the 
kotulskite-sobolevskite series, and hence have Bi/Bi+Te ratios that are lower than most of 
the magmatic PGM (Fig. 4.13b).   The halo to one of these PGM-bearing pyrite veins 
contains a myrmekitic intergrowth of pentlandite and pyrite (Fig.11a).  A variety of 
hypotheses have been suggested to explain myrmekitic textures, including exsolution, 
replacement, and direct crystallization (Hopson and Ramseyer, 1990; Garcia et al., 1996; 
Menegon et al., 2006).   The location of this intergrowth near a pyrite-rich vein and the 
distribution of the intergrowth around a core of pentlandite, suggests that pyrite has 
replaced pentlandite.  The implication of this model is that Ni has been mobilized by 
these fluids, as well as PGE.   
 
In contrast to PGM hosted by pyrite veins and their epidote-chlorite halos, the 
composition of hydrothermal PGM in chalcopyrite and pyrrhotite veins overlap with that 
of the magmatic PGM (Fig. 4.13b), and thus cannot be differentiated only on the basis of 
PGM chemistry. However, as these veins also have variable proportions of chlorite ± 
epidote ± quartz ± calcite, crosscut the foliation, and fill dilatant sites in hornblende 
crystals, direct precipitation from late hydrothermal solutions is required. The PGM found 
in chlorite halos adjacent to the massive sulfide ores (Fig. 4.11a) likely precipitated from 
similar hydrothermal fluids.   
 
Various authors have concluded that hydrothermal processes can be important in the 
formation of PGE-rich mineralization associated with mafic-ultramafic intrusions that 
host magmatic Ni-Cu-sulfide ores (e.g., Lechler, 1998; Watkinson et al., 2002; Wood, 
2002; Hanley, 2005).  For example, in the Sudbury structure, magmatic sulfide ores at the 
footwall to the Sudbury Igneous Complex were the result of magmatic sulfide 
fractionation (e.g. Naldrett, 2004, and references there in). However, the occurrence of 
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base and precious metals (PGE, Au, Ag) underlying massive sulfide ores is associated 
with PGE redistribution from primary magmatic ores by downward-moving Cl-bearing 
aqueous fluids, which precipitated PGE at structurally lower levels (e.g. Farrow and 
Watkinson, 1992,1997; Watkinson, 1999; Carter et al., 2001).  
 
Chlorine-bearing mineral assemblages (e.g. chlorite-epidote-quartz-biotite-albite-
actinolite) are commonly found spatially associated with PGE mineralization, and have 
been used as evidence to suggest that saline fluids mobilized PGE (Hanley, 2005).  As 
suggested by Wood (2002), at temperatures between 25 and 300 °C, the solubility of Pd 
and Pt as chloride complexes is significant only under oxidizing and acidic conditions. 
Furthermore, experimental work has show that significant remobilization of PGE by 
aqueous fluids can occur at relatively high-pH and reducing conditions (Wood, 2002; 
Hanley, 2005). At temperatures < 500 °C, experimental and thermodynamic modelling 
suggest that around magmatic sulfide deposits, the bisulfide ion will  be a more important 
ligand than chlorine for the complexation of PGE in hydrothermal solutions (c.f. Wood, 
2002; Hanley, 2005).  The alteration and vein assemblages at Ferguson Lake (chlorite-
epidote-quartz-albite) are comparable to those in other similar deposits, and thus 
conditions were likely to have been relatively reducing and alkaline and therefore PGE 
transport was likely to have involved bisulfide complexation. 
 
4.5.2.3 Role of Hydrothermal Fluids in Modification of Primary PGM 
Mineralization  
 
As described above, many of the PGM associated with magmatic sulfides are found at the 
margins of sulfides in contact with,  chlorite, quartz and hornblende (Fig. 4.9a-c), which 
raises questions about the possible involvement of late hydrothermal solutions in the 
magmatic ores.  Li and Naldrett (1992, 1993) interpreted similar textures (PGM at the 
margins of sulfides and at sulfide-silicate contacts) in the copper-rich zone of the 
Strathcona deposit in Sudbury, to reflect subsolidus PGM precipitation from 
hydrothermal fluids that had exsolved from a fractionated sulfide liquid.  However, the 
composition of PGM in such settings is essentially identical to those that are hosted 
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entirely by magmatic sulfides (Fig. 4.13d), and are therefore also likely formed through 
exsolution from the associated sulfides.  Furthermore, this similarity, and their difference 
from hydrothermal PGM, indicates that they have not been modified by later mineral-
fluid interaction.   
 
This raises the question about the origin of the hydrothermal PGE in the high-PGE low-
sulfide zones, which we postulated above were derived through interaction of the fluids 
with the magmatic sulfides units.  It would appear that magmatic PGM have not been 
modified by late-stage mineral-fluid interaction, leaving the associated sulfides as the 
only viable source for the PGE.  This is consistent with experimental and theoretical 
studies as sulfides are in general considered more soluble in hydrothermal solutions than 
PGM (Hanley, 2005; Barnes et al., 2008). 
 
In contrast to PGM in the massive sulfides, PGM in the sheared and deformed semi-
massive sulfides in the East Zone and 119 zones, which are associated with abundant 
chlorite-calcite-epidote alteration, are different in that they have compositions that range 
between the sobolevskite-kotulskite join and merekskyite and michenerite (Fig 4.13c).  
That is, they are less Pd-rich and are more Te-rich than most of the other PGM identified.  
These PGM occur in similar textural settings to those found in the magmatic sulfides, and 
therefore likely have a similar origin.  These compositions could represent the kotulskite(-
sobolevskite)-mereskyite solid solution referred to above (cf. Hoffman and MacLean, 
1976), suggesting higher temperatures of crystallization.  However, half of these PGM are 
hosted by pyrite, and these are more Te-rich than those hosted by pyrrhotite, chalcopyrite 
and at pyrrhotite-silicate contacts.  This is analogous to the compositional differences 
between the magmatic and hydrothermal PGM elsewhere in the deposit and suggests 
modification by hydrothermal fluids.  
 
 
 
 
162 
 
 
4.6 References 
 
Ballhaus, Ulmer, 1995. Platinum-group elements in the Merensky Reef: II. Experimental 
solubilities of platimun and palludium in Fe1-xS from 950 to 450°C under 
controlled ƒS2 and ƒH2. Geochimica et Cosmochimica Acta 59 (23), 4881-4888. 
Barnes, S.J., Prichard, H.M., Cox, R.A., Fisher, P.C., Godel. B., 2008. The location of the 
chalcophile and siderophile elements in platinum-group element ore deposits (a 
textural, microbeam and whole rock geochemical study): Implications for the 
formation of the deposits. Chemical Geology 248, 295-317. 
Beirnes, J.D., 2004. Characterization of the Platinum Group Minerals at the Ni-Cu-Co-
PGE deposit at Ferguson Lake, Nunavut, Canada. Unpublished thesis, University of 
Waterloo. 
Brenan, J.M., Andrews, D., 2001. High-temperature stability of laurite and ru–os–ir alloy 
and their role in pge fractionation in mafic magmas. The Canadian Mineralogist 39, 
341-360. 
Cabri, L.J., Laflamme, J.H.G., 1976. The mineralogy of the platinum-group elements 
from some copper-nickel deposits of the Sudbury area Ontario. Economic Geology. 
71, 1l59-1195 
 Carter, W, M., Watkinson, D.H., Jones, P.C., 2001. Post-magmatic remobilization of 
platinum-group elements in the Kelly Lake Ni-Cu sulfide deposit, Copper Cliff 
Offset, Sudbury. Exploration and Mining Geology 10 (1-2), 95-110. 
Carter, N.C., 2006. Report on revised estimates of mineral resources Ferguson lake 
nickel-copper-cobalt-PGE property, Ferguson lake area, Kivalliq Region, Nunavut 
Territory: prepared for Starfield Resources Inc., SEDAR.COM filing, 145 p. 
Davis, W.J., Hanmer, S., Sandeman H.A., 2004. Temporal evolution of the Neoarchean 
Central Hearne supracrustal belt: rapid generation of juvenile crust in a 
suprasubduction zone setting. Precambrian Research 134, 85–112. 
Farrow, C.E.G., Watkinson, D.H., 1992. Alteration and the Role of Fluids in Ni, Cu and 
Platinum-Group Element Deposition, Sudbury Igneous Complex Contact, Onaping-
Levack area, Ontario. Mineralogy and Petrology 46, 67-83. 
163 
 
 
Farrow, C.E.G., Watkinson, D.H., 1997. Diversity of precious-metal mineralization in 
footwall Cu-Ni-PGE deposits, Sudbury, Ontario; implications for hydrothermal 
models of formation. The Canadian Mineralogist 35 (4), 817-839. 
Fiorentini, M.L., Stone, W.E., Beresford, W., Barley, M.E., 2004. Platinum-group 
element alloy inclusions in chromites from Archaean mafic-ultramafic units: 
evidence from the Abitibi and the Agnew-Wiluna Greenstone Belts. Mineralogy 
and Petrology 82, 341- 355. 
Garcia, D., Pascal, M.L., Roux, J., 1996. Hydrothermal replacement of feldspars in 
igneous enclaves of the Velay granite and the genesis of myrmekites. European 
Journal of Mineralogy 8 (4), 703-717. 
Godel, B., Barnes, S.J., Maier.W.D., 2007. Platinum-group elements in sulfide minerals, 
platinum-group minerals, and whole-rocks of the merensky reef (Bushveld 
Complex, South Africa): implications for the formation of the reef. Journal of 
petrology 48 (8), 1569-1604. 
Godel, B., Barnes, S.J., 2008. Image analysis and composition of platinum-group 
minerals in the J-M reef, stillwater complex. Economic Geology 103, 637-651. 
Goldstein, J., Newbury, D.E., Joy, D.C., Lyman, C.E., Echlin, P., Lifshin, E., Sawyer, 
L.C., Michael, J.R., 2003. . Scanning Electron Microscopy and X-ray Microanalysis 
(3rd Ed). 586 p. Springer. ISBN: 978-0-306-47292-3 
Hanley, J.J., 2005. The aqueous geochemistry of the platinum-group elements (PGE) in 
surficial, low T hydrothermal and high-T magmatic hydrothermal environments. In: 
Mungall, J.E. (Ed.), Exploration for Platinum-Group Element Deposits, 
Mineralogical Association of Canada Short Course 35, pp. 35-56. 
Hanmer, S., Sandeman, H.A., Davis, W.J., Aspler, L.B., Rainbird, R.H., Ryan, J.J., Relf, 
C., Peterson, T.D., 2004. Geology and Neoarchean tectonic setting of the Central 
Hearne supracrustal belt, Western Churchill Province, Nunavut, Canada. 
Precambrian Research 134, 63-83. 
Hanmer, S., Subhas, T., Ryan, J.J., Sandeman, H.A., Berman, R.G.,  2006.Late 
Neoarchean thick-skinned thrusting and Paleoproterozoic reworking in the 
MacQuoid supracrustal belt and Cross bay plotonic complex, Western Churchill 
Province, Nunavut, Canada. Precambrian Research 144, 126-139. 
164 
 
 
Helmy, H.M., Ballhaus, C., Berndt, J., Bockrath, C., Wohlgemuth-Ueberwasser, C., 2007. 
Formation of Pt, Pd and Ni tellurides: experiments in sulfide–telluride systems. 
Contributions to Mineralogy and Petrology 153, 577-591. 
Hiemstra, S.A., 1979. The role of collector in the formation of the platinum deposits in 
the Bushveld complex. Canadian Mineralogist 17, 469-482. 
Hoffman, E., McLean, W.H., 1976. Phase relations of Michenerite abd Merenskyite in the 
Pb-Bi-Te system. Economic Geology 71, 1461-1468. 
Holwell, D.A., McDonald, I., 2007. Distribution of platinum-group elements in the 
Platreef at Overysel, northern Bushveld Complex: a combined PGM and LA-ICP-
MS study. Contributions to Mineralogy and Petrology 154 (2), 171-190. 
Hopson R.F., Ramseyer, K., 1990. Cathodoluminescence microscopy of myrmekite. 
Geology 18, 336-339. 
Lechler, P.J., 1998. Global hydrothermal mineralization. Abstracts, 8th International 
Platinum Symposium. Geological Society of South Africa and South African 
Institute of Mining and Metallurgy,  Symposium Series 18, 193-196. 
Li , C., Naldrett, A.J., 1992. PGE studies in the footwall at Sudbury, Ontario. Geoscience 
research grant program, grant no. 326; Ontario Geological Survey, Open-File 
Report 5830, 118p. 
Li , C., Naldrett, A.J., 1993. Platinum-group minerals from the deep cooper zone of the 
Strathcona deposit, Sudbury, Ontario. Canadian Mineralogist 31, 31-44. 
Lyman, C.E., Newbury, D.E., Goldstein, J., Williams, D.B., Romig Jr. A.D., Armstrong, 
J., Echlin, P., Fiori, C., Joy, D.C., Lifshin, E., Peters, K-R., 1990. Scanning Electron 
Microscopy, X-Ray Microanalysis, and Analytical Electron Microscopy: A 
Laboratory Workbook (1st Ed). 420 p. Springer. ISBN 0-306-43591-8. 
MacLachlan, K., Relf, C., Irwin, D., 2000. Regional geological compilation map of the 
Yathkyed greenstone belt (parts of NTS 65G/9, 15 and 16, 65H/13, 65I/3–7, 10, 11, 
14, 15 and 65J/1) Western Churchill Province, Nunavut, Northwest Territories 
Geology Division, Department of Indian Affairs and Northern Development, EGS 
Open-File 2000-12, scale 1:125 000. 
MacLachlan, K., Davis, W.J., Relf, C., 2005. U/Pb geochronological constraints on 
Neoarchean tectonism: multiple compressional events in the northwestern Hearne 
165 
 
 
Domain, Western Churchill Province, Canada. Canadian Journal of Earth Sciences 
42, 85-109. 
McDonald, I., 2008. Platinum-group element and sulfide mineralogy in ultramafic 
complexes at western Andriamena, Madagascar. Applied Earth Science: 
Transactions of the Institution of Mining and Metallurgy, Section B, 117(1), 1-10. 
Makovicky, E., 2002. Ternary and quaternary phase systems with PGE. In: The Geology, 
Geochemistry, Mineralogy and Mineral Beneficiation of Platinum-Group Elements. 
Cabri, L.J. (Ed.), Canadian Institute of Mining, Metallurgy and Petroleum, Special 
volume 54, pp. 131-175. 
Martel, E., Sandeman, H.A., 2004. Geology and deformation history around the Ferguson 
lake Ni-Cu-PGE deposit, Yathkyed greenstone belt, western Churchill Province, 
Nunavut. Geological Survey of Canada, Open-File 4623. 
Menegon, L., Pennachioni, G., Stünitz, H., 2006. Nucleation and growth of myrmekite 
during ductile shear deformation in metagranites. Journal of Metamorphic Geology 
24 (7), 553-568. 
Miller, A.R., 2007. A contribution to the geology of the Ferguson lake intrusive complex 
(FLIC): a metamorphosed Archean Ni-Cu PGE bearing leucocratic to melanocratic 
mafic-ultramafic layered complex, northwestern Hearne subdomain, western 
Churchill province, Nunavut, utilizing mapping-petrography-ore microscopy-
geochemistry-petrology: prepared for Starfield Resources Inc., SEDAR.COM 
filing, 162 p. 
Mungall, J.E., 2005. Magmatic geochemistry of the platinum-group elements. In: 
Mungall, J.E. (Ed.), Exploration for Platinum-Group Element Deposits, 
Mineralogical Association of Canada, Short Course 35, pp. 1-34. 
Mungall, J.E., Naldrett, A.J., 2008. Ore Deposits of the Platinum-Group Elements. 
Element 4, 253-258. 
Naldrett, J.A., Duke, J.M., 1980. Platinum Metals in Magmatic Sulfide Ores. Science, 
New Series 208 (4451), 1417-1424. 
Naldrett, J.A., 2004. Magmatic sulfide deposits; geology, geochemistry and exploration. 
Springer, 727 p. 
166 
 
 
Nicholson, J.A., 2007. Technical review and report on revised estimates of mineral 
resources, Ferguson lake Nickel-Copper-Cobalt-PGE property, Ferguson lake Area 
Kivalliq Region Nunavut Territory. Prepared for Starfield Resources Inc., 
SEDAR.COM filing, 228 p. 
Peregoedova, A., Ohnenstetter, M., 2002. Collectors of Pt, Pd and Rh in a S-poor Fe-Ni-
Cu sulfide system at 760°C: experimental data and application to ore deposits. The 
Canadian Mineralogist 40, 527-561. 
Peregoedova, A., Barnes, S.J., Baker, D.R., 2004. The formation of Pt–Ir alloys and Cu–
Pd-rich sulfide melts by partial desulfurization of Fe–Ni–Cu sulfides: results of 
experiments and implications for natural systems. Chemical Geology 208, 247-264. 
Spear, F.S.,1994. Metamorphic phase equilibria and pressure-temperature-time paths. 
Mineralogical Society of America, 2nd edition, 799 p. 
Visser, S., 2002. Time domain EM and magnetic mapping of the Ferguson Lake Ni-Cu-
Co-PGE property. SEG International Exposition and 72nd Annual Meeting, 
Technical report. 
Watkinson, D.H., 1999. Platinum-group-element enrichment in Cu-Ni-rich sulfides from 
footwall deposits, Sudbury igneous complex, Canada. Chronique de la Recherche 
Miniere 66 (535), 29-43. 
Watkinson, D.H., Lavigne, M.J., Fox, P.E., 2002. Magmatic-Hydrothermal Cu- and Pd-
rich Deposits in Gabbroic Rocks from North America. In: Cabri, L.J. (Ed.), The 
Geology, Geochemistry, Mineralogy and Mineral Beneficiation of Platinum-Group 
Elements. Canadian Institute of Mining, Metallurgy and Petroleum, Special volume 
54, pp. 299-319. 
Wood., S.A., 2002. The Aqueous Geochemistry of the Platinum-Group Elements with 
Applications to Ore Deposits. In: Cabri, L.J. (Ed.), The Geology, Geochemistry, 
Mineralogy and Mineral Beneficiation of Platinum-Group Elements. Canadian 
Institute of Mining, Metallurgy and Petroleum, Special volume 54, pp. 211-249. 
  
167 
 
 
 
 
 
Fig. 4.1. Map showing location and regional geological setting of the Ferguson Lake 
mineral district and the main tectonic units of the west Canadian Shield. 
(Modified from Hanmer et al. 2004). 
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Fig. 4.2. Generalized geological map of the Ferguson Lake area. 
 
Shown are the surface distribution of the sulfide mineralization, the location of the drill 
cores sampled for this study, and a schematic cross section with the preset day spatial 
distribution of the rocks that crop out around Ferguson Lake (Modified from Martel and 
Sandeman, 2004). 
  
169 
 
 
 
 
 
Fig. 4.3. Schematic cross section of the Ferguson lake Ni-Cu-PGE deposit. 
 
Shown are the general spatial relationships in the West zone pit area between the north-
dipping meta-gabbro (i.e. alternating amphibole schists, hornblendite, amphibole-biotite 
schists, hornblende-plagioclase gneisses), massive sulfide, low-sulfide high-PGE 
mineralization and the country rock gneisses and amphibolites, projected in a vertical 
plane. (Redrawn after Nicholson, 2007)  
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Fig. 4.4. Schematic drill logs for the Pit area showing the spatial distribution of the 
massive/semi-massive sulfide mineralization in relation to the host meta-gabbro (i.e., 
alternating amphibole schists, hornblendite, amphibole-biotite schists, hornblende-
plagioclase gneisses), and the country rock gneisses and amphibolites. 
 
Note that, in addition to the main massive sulfide near the structural hangingwall of the 
gabbro, two additional massive to semi-massive sulfide intervals are present at deeper 
levels in hole FL04-181, which are relatively enriched in PGE compared to the main 
massive sulfide interval. The deeper massive sulfide lenses locally form interstitial 
aggregates that cement coarse garnet crystals. Similar textures are also observed in the 
119 zone (to the west). The photographs depict the typical macroscopic characteristics of 
the massive/semi-massive sulfides. Note that the main massive sulfide mineralization 
shows strong quartz-chlorite-epidote alteration towards the contact with the host rocks. 
The location of these drillcores is given in Figure 4.1. The holes were drilled at an angle 
of ~45° in a north-south direction. The Pd/Pt ratios and Pt+Pd (ppb) grades based on bulk 
drill core assay data are plotted to the right and left of each hole, respectively. Note that 
the axis for the Pd/Pt ratios are at the same scale, whereas the axis for the Pt+Pd grades 
are at different scales in the various holes. Also plotted are the locations of the samples 
from which the PGM were analyzed. 
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Fig. 4.5. Schematic drill logs for the Pit area showing the spatial distribution of the low-
sulfide high-PGE mineralization in relation to the main massive sulfide, the host meta-
gabbro (i.e. alternating amphibole schists, hornblendite, amphibole-biotite schists, 
hornblende-plagioclase gneisses) and the country rock gneisses and amphibolites. 
The spatial distribution of low-sulfide high-PGE mineralization is variable and occurs: 
about 50 to 70 m below the main massive sulfide in drillholes FL02-142 and FL03-157, 
but is continuous down to the bottom of hole FL03-159. In drillhole FL04-181 it is 
associated mainly with the deeper semi-massive sulfide lenses, although some high PGE 
intervals are observed at intermediate distances below the main massive sulfide. The 
photographs show representative samples of high-PGE mineralization including sulfide 
veins, silicate-sulfide veins, interstitial sulfides, and vari-textured sulfides with associated 
chlorite-epidote alteration. The location of these drillcores is given in Figure 4.1. The 
holes were drilled at an angle of ~45° in a north-south direction. The Pd/Pt ratios and 
Pt+Pd (ppb) grades based on bulk drill core assay data are plotted to the right and left of 
each hole respectively. Note that the axis for the Pd/Pt ratios are at the same scale, 
whereas the axis for the Pt+Pd grades are at different scales in the various holes. Also 
plotted are the locations of the samples from which the PGM were analyzed. 
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Fig. 4.6. Photographs of the main rock types that host the massive sulfide and low-sulfide 
high-PGE style of mineralization. 
(a) amphibolite-schist, (b) amphibolite-biotite schist with anastamosing foliation, (c) 
hornblende-plagioclase gneisses, (d) hornblendite with a coarse garnet crystal crosscut by 
a late sulfide vein. 
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Fig. 4.7. Representative reflected light photomicrographs of magmatic textures in the 
massive sulfide and interstitial sulfide mineralization. 
(a) Chalcopyrite (Cpy) aggregates at the contact of massive sulfide and the host rocks. 
Note also the presence of Cpy veining and replacing adjacent hornblende (Hbl) crystals. 
(b) Cpy aggregate enveloping a magnetite (Mag) crystal within massive pyrrhotite (Po) 
with lesser pentlandite (Pn). (c) Veins of chalcopyrite (Cpy) crosscutting magnetite and 
extending away from the massive suldfide mineralization. (d) Interstitial magmatic 
sulfides in equilibrium contact with the enclosing hornblende (Hbl) crystals relatively 
close to the massive sulfide. (e) Interstitial magmatic sulfides (Po>Cpy, Pn , Mag) within 
the low-sulfide high-PGE mineralization, in equilibrium contact and also veining the 
enclosing hornblende crystals. 
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Fig. 4.8. Photographs of representative hydrothermal assemblages. 
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(a) Barren, disseminated K-feldspar (Ksp) alteration crosscut by K-feldspar (Ksp) and 
chlorite (Chl)-epidote (Ep) veins, (b) chlorite (Chl)-chalcopyrite (Cpy)-calcite (Cal) 
veining and filling dilatant sites in hornblende (Hbl) crystals adjacent to massive sulfide 
mineralization, (c) epidote-rich patches that occur at various angles to the foliation, (d) 
epidote (Ep) ± pyrite (Py) ± chalcopyrite (Cpy) veins in sharp contact with the enclosing 
host rock, (e) patchy quartz alteration associated with chlorite replacement after 
hornblende in unmineralized amphibolite rocks away from the main massive sulfide 
mineralization, (f) composite barren quartz (Qtz)-calcite (Cal) vein with a thin chlorite 
(Chl) alteration halo at the contact with the enclosing host rock, (g) calcite (Cal) ± pyrite 
(Py) bands from a high PGE interval, (h) folded pyrrotite-chalcopyrite vein parallel to the 
foliation, (i) pyrrotite-chalcopyrite vein with a discontinuous chlorite ± epidote halo that 
replaces the adjacent hornblende crystals (j) chalcopyrite ± pyrrhotite veins emanating 
from the massive sulfide. These veins are associated with chlorite ± epidote-quartz-calcite 
assemblages 
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Fig. 4.9. Back-scattered electron microscope images of Pd-bismuthellurides in the 
massive sulfide mineralization. 
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(a) Anhedral platinum group mineral (PGM) at the contact between pyrrhotite (Po) and 
pyrite (Py) associated with chlorite (Chl)-calcite (Cal) alteration assemblages. (b) 
anhedral PGM grain at the contact between pyrrotite and a hornblende (Hbl) inclusion. (c) 
elongated PGM grain in chlorite (Chl) aggregates at the contact between chalcopyrite 
(Cpy) and magnetite (Mag). Note that chlorite also crosscuts the sulfides and magnetite. 
(d) Rounded PGM grain hosted by chalcopyrite (Cpy), and closely associated with 
pentlandite (Pn) flames exsolved from the pyrrotite (Po) grains. (e) Irregular PGM grains 
forming a linear array along the contact between pyrite and pyrrotite, where pyrrotite 
seems to replace pyrite. Note also that chlorite replaces hornblende and is present along 
fractures and sulfide contacts. (f) Anhedral PGM grain within a chlorite selvage adjacent 
to massive sulfide. (g) Anhedral rounded PGM grain in contact with a magnetite inclusion 
hosted by pyrrotite. (h) Anhedral rounded PGM grain at the contact between pyrrotite and 
pentlandite. 
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Fig. 4.10. BSE images of representative Pd-bismuthellurides, Pt-arsenides, and Pd-
arsenoantimonides, at variable depths below the main massive sulfide. 
(a) Irregular PGM grains in a pyrite ± chalcopyrite vein including: totally enclosed within 
pyrite, at pyrite-chalcopyrite contacts, and at the contact between pyrite and hornblende 
inclusions. (b) Sperrylite grains associated with chlorite-quartz alteration along cleavage 
traces of a coarse hornblende crystal. (c) Anhedral PGM at the contact between pyrrhotite 
crystals, in a sample of semi-massive pyrrhotite-chalcopyrite aggregates that occur 
interstitially to coarse garnet crystals (from the 119 zone). (d) Anhedral PGM grains in 
pyrrhotite (Po) and at the contact between pyrrhotite and pentlandite (Pn) flames, in a 
sample of semi-massive sulfide interstitial to coarse garnet crystals in the Pit area. (e) 
Irregular PGM grain hosted by plagioclase (Pl)-chlorite (Chl)-biotite (Bt) aggregates that 
replace coarse garnet crystals along their edges and in fractures. (f) PGM of irregular 
shape at the contact between pyrrhotite, pentlandite and quartz in magmatic interstitial 
sulfides.   
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Fig. 4.11. Pyrite ± chalcopyrite veins with a discontinuous chlorite-epidote alteration 
halo. 
(a) BSE image. This vein is from low-sulfide high-PGE mineralization in the Pit area, and 
the PGM are present both within the sulfide vein and in its alteration halo. The PGM 
grains studied in the vein are Pd-arsenoantimonides whereas those in the halo are Pd-
bismuthellurides (b) Same image as in [a] but under plane polarized light. (c) Inset 
showing detailed textural relations between a PGM cluster and their host mineralogy. 
Note that PGM in the vein can be totally hosted within pyrite (Py), or at the contact 
between pyrite and hornblende (Hbl) inclusions. Some PGM are also entirely hosted by 
the hornblende inclusions. Note a gold inclusion occurs in the biggest PGM grain. (d,e). 
Insets showing detailed textural relations of a PGM cluster within the chlorite-epidote 
halo. (f) Hydrothermal myrmekitic intergrowth of pentlandite and Ni-bearing pyrite 
adjacent to the chlorite-epidote halo. In this case, pyrite replaces pentlandite and is likely 
related to the pyrite vein mineralizing event. 
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Fig. 4.12. Paragenetic model for the Ferguson lake Ni-Cu-Co-PGE deposit. 
  
181 
 
 
 
 
 
Fig. 4.13. Ternary Pd-Bi-Te plots based on EDS data showing the distribution of Pd-
bismuthtellurides according to the textural type of sulfide mineralization and host 
mineralogy. 
(a) PGM in the magmatic massive/semi-massive and interstitial sulfides. Most of these 
PGM plot towards the sobolevskite end-member of the sobolevskite-kotulskite series (i.e., 
field enclosed by the dashed line). This field is also included in all the other plots for 
reference. (b) PGM from late sulfide veins and chlorite-epidote halos, at variable 
distances from the massive sulfide. The hydrothermal end-member is represented by the 
PGM hosted in the chlorite halos and pyrite veins which plot towards the kotulskite end-
member of the sobolevskite-kotulskite series. (c) PGM in sheared semi-massive sulfides 
(SMS). (d) PGM in the magmatic sulfides in [a] but subdivided according to the host 
minerals: in sulfides, at silicate-sulfide contacts, and at sulfide-sulfide contacts.  
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Table 4.1. Results of EDS analyses of PGM from the Ferguson lake Ni-Cu-Co-PGE 
deposit, Nunavut. 
 
Note: EDS analyses normalized to 100%. Abbreviations: MS: massive sulfide, SMS: semi-massive sulfide, 
HPGE: high-PGE mineralization, Py: pyrite, Po: pyrrotite, Cpy: chalcopyrite, Pn: pentlandite, Chl: chlorite, 
Cb: carbonate, Hbl: hornblende, Ep: epidote, Qtz: quartz, Plg: plagioclase, Mag: magnetite 
  
Zone Sample/PGM # length 
(μm)
width 
(μm) Mineralization Host Mineral Texture Host rock
 Bi 
(Wt%)
 Pd 
(Wt%)
 Te 
(Wt%)
 Pt 
(Wt%)
 As 
(Wt%)
 Sb 
(Wt%)
 Bi 
(At%)
 Pd 
(At%)
 Te 
(At%)
 Pt 
(At%)
 As 
(At%)
 Sb 
(At%)
PGM
east zone FL00-26-14-1 6 4 SMS Py sheared amphibole schist 29.89 38.43 31.68 0.00 0.00 0.00 19.01 47.99 33.00 Kotulskite
east zone FL00-26-14-2 8 4 SMS Py sheared amphibole schist 31.26 29.09 39.65 0.00 0.00 0.00 20.39 37.26 42.35 Merenkyite
East zone FL00-26-14-3 7 6 SMS Py sheared amphibole schist 22.98 32.51 44.51 0.00 0.00 0.00 14.39 39.97 45.64 Merenkyite
east zone FL00-26-14-4 10 6 SMS Py sheared amphibole schist 36.56 36.34 27.10 0.00 0.00 0.00 24.00 46.85 29.14 Kotulskite
east zone FL00-26-14-5 13 13 SMS Py sheared amphibole schist 12.57 29.03 58.40 0.00 0.00 0.00 7.61 34.50 57.89 Merenkyite
east zone FL00-26-14-6 28 10 SMS Py/Chl sheared amphibole schist 43.52 25.32 31.16 0.00 0.00 0.00 30.16 34.46 35.37 Michenerite
119 zone FL02-139-27a-1 100 63 SMS Po-CPy/Hbl var-textured hornblendite 29.76 26.34 43.89 0.00 0.00 0.00 19.40 33.73 46.87 Merenkyite *
119 zone FL02-139-27a-2 15 8 SMS Po/Hbl vari-textured hornblendite 29.41 26.73 43.86 0.00 0.00 0.00 19.13 34.14 46.73 Merenkyite
119 zone FL02-139-27a-3 25 13 SMS Po vari-textured hornblendite 29.52 26.59 43.90 0.00 0.00 0.00 19.21 33.99 46.80 Merenkyite *
119 zone FL02-139-29-1 20 10 MS Chl MS Hbl-Bt-schist 48.56 23.96 27.49 0.00 0.00 0.00 34.53 33.46 32.01 Michenerite
119 zone FL02-139-29-3 13 8 MS Po/Mag MS Hbl-Bt-schist 29.72 40.14 30.14 0.00 0.00 0.00 18.82 49.92 31.26 Kotulskite
119 zone FL02-139-29-4 9 7 MS Po/pn MS Hbl-Bt-schist 34.14 34.37 31.49 0.00 0.00 0.00 22.28 44.05 33.66 Kotulskite
119 zone FL02-139-29-5 21 13 MS CPy/Hbl/chl MS Hbl-Bt-schist 33.05 37.27 29.67 0.00 0.00 0.00 21.35 47.27 31.38 Kotulskite
119 zone FL02-139-33-1 80 24 SMS (HPGE) Po interstitial SMS amphibole schist 47.16 36.74 16.10 0.00 0.00 0.00 32.37 49.53 18.10 Sobolevskite
119 zone FL02-139-33-2 8 7 SMS (HPGE) Po interstitial SMS amphibole schist 49.47 36.85 13.68 0.00 0.00 0.00 34.30 50.17 15.53 Sobolevskite
119 zone FL02-139-33-3 25 21 SMS (HPGE) Po interstitial SMS amphibole schist 48.02 37.66 14.32 0.00 0.00 0.00 33.02 50.85 16.13 Sobolevskite
119 zone FL02-139-41-1 2 1 SMS CPy sheared amphibole schist 37.42 36.35 26.23 0.00 0.00 0.00 24.65 47.04 28.31 Kotulskite
119 zone FL02-139-50-1 27 18 SMS Po sheared amphibole schist 30.28 25.40 44.32 0.00 0.00 0.00 19.82 32.65 47.52 Merenkyite
119 zone FL02-139-50-2 10 6 SMS Po/Hbl sheared amphibole schist 27.44 26.85 45.72 0.00 0.00 0.00 17.70 34.01 48.29 Merenkyite
119 zone FL02-139-50-3 7 3 SMS Po/Chl sheared amphibole schist 48.95 23.98 27.08 0.00 0.00 0.00 34.87 33.54 31.59 Michenerite
119 zone FL02-139-50-4 54 8 SMS Po sheared amphibole schist 30.09 29.07 40.84 0.00 0.00 0.00 19.53 37.05 43.42 Merenkyite
119 zone FL02-141-6-1 13 4 SMS Po vari-textured amphibole schist 22.18 39.25 38.58 0.00 0.00 0.00 13.65 47.45 38.90 Kotulskite
pit area FL02-142-4-a 15 9 MS Chl-Cb/Po-Py MS hornblendite 53.66 35.03 11.31 0.00 0.00 0.00 38.07 48.80 13.14 Sobolevskite
pit area FL02-142-4-b 2 1 MS Po MS hornblendite 81.02 18.98 0.00 0.00 0.00 0.00 68.49 31.51 0.00 Froodite
pit area FL02-142-4-c 8 5 MS Cpy/Hbl MS hornblendite 0.00 72.85 0.00 0.00 2.79 24.36 0.00 74.26 0.00 4.04 21.70 Mertieite II
pit area FL02-142-4-d 7 5 MS Cpy MS hornblendite 46.16 18.77 26.58 8.50 0.00 0.00 34.03 27.17 32.09 6.71 Michenerite
pit area FL02-142-5-a1 10 5 SMS Po/Py vari-textured hornblendite 47.49 34.60 17.91 0.00 0.00 0.00 32.80 46.93 20.26 Sobolevskite *
pit area FL02-142-5-a2 10 4 SMS Po/Py vari-textured hornblendite 46.27 35.17 18.56 0.00 0.00 0.00 31.75 47.39 20.86 Sobolevskite *
pit area FL02-142-5-a3 10 5 SMS Po/Py vari-textured hornblendite 44.92 37.30 17.77 0.00 0.00 0.00 30.50 49.74 19.76 Sobolevskite *
pit area FL02-142-15-1 89 51 HPGE Py/Hbl vari-textured amphibole schist 0.00 73.33 0.00 0.00 4.66 22.01 0.00 73.93 0.00 6.67 19.39 Mertieite II *
pit area FL02-142-15-2 21 11 HPGE Py/Hbl vari-textured amphibole schist 0.00 73.93 0.00 0.00 3.43 22.64 0.00 74.99 0.00 4.94 20.07 Mertieite II *
pit area FL02-142-15-3 38 10 HPGE Py/Hbl vari-textured amphibole schist 0.00 73.12 0.00 0.00 4.52 22.36 0.00 73.80 0.00 6.48 19.72 Mertieite II *
pit area FL02-142-15-4 21 10 HPGE Py/Hbl vari-textured amphibole schist 0.00 73.17 0.00 0.00 4.60 22.23 0.00 73.81 0.00 6.59 19.60 Mertieite II *
pit area FL02-142-15-6 17 13 HPGE Py/Hbl vari-textured amphibole schist 0.00 73.07 0.00 0.00 4.65 22.28 0.00 73.70 0.00 6.66 19.64 Mertieite II *
pit area FL02-142-15-7 5 3 HPGE Hbl vari-textured amphibole schist 0.00 65.81 0.00 0.00 4.70 29.48 0.00 66.98 0.00 6.80 26.23 Mertieite II
pit area FL02-142-15-8 5 2 HPGE Py/Hbl vari-textured amphibole schist 0.00 72.84 0.00 0.00 3.79 23.37 0.00 73.84 0.00 5.46 20.70 Mertieite II
pit area FL02-142-15-9 77 33 HPGE Py vari-textured amphibole schist 0.00 73.13 0.00 0.00 4.40 22.47 0.00 73.85 0.00 6.31 19.83 Mertieite II *
pit area FL02-142-15-10 31 23 HPGE Ep-Chl vari-textured amphibole schist 15.60 42.62 41.78 0.00 0.00 0.00 9.30 49.90 40.80 Kotulskite *
pit area FL02-142-15-11 23 9 HPGE Ep-Chl vari-textured amphibole schist 16.50 42.44 41.06 0.00 0.00 0.00 9.88 49.88 40.25 Kotulskite *
pit area FL02-142-15-12 17 3 HPGE Ep-Chl vari-textured amphibole schist 19.23 41.14 39.63 0.00 0.00 0.00 11.66 48.98 39.36 Kotulskite *
pit area FL02-142-15-13 8 7 HPGE Ep-Chl vari-textured amphibole schist 16.17 42.55 41.28 0.00 0.00 0.00 9.66 49.94 40.40 Kotulskite *
pit area FL02-142-16-1 8 4 HPGE Py/Hbl veinlets amphibole schist 30.01 39.80 30.19 0.00 0.00 0.00 19.04 49.58 31.37 Kotulskite
pit area FL02-142-16-2 4 2 HPGE Py veinlets amphibole schist 27.48 40.93 31.60 0.00 0.00 0.00 17.22 50.36 32.43 Kotulskite
pit area FL02-142-16-3 24 18 HPGE Py/Cpy veinlets amphibole schist 27.78 40.90 31.32 0.00 0.00 0.00 17.43 50.39 32.18 Kotulskite
pit area FL02-142-16-4 6 2 HPGE Py veinlets amphibole schist 28.34 39.34 32.32 0.00 0.00 0.00 17.88 48.73 33.39 Kotulskite
pit area FL03-157-13C-1 12 10 above MS Po vari-textured gneiss 46.27 24.80 28.93 0.00 0.00 0.00 32.50 34.21 33.28 Michenerite
pit area FL03-157-15-1 10 2 SMS Po vari-textured hornblendite 49.74 37.78 12.47 0.00 0.00 0.00 34.46 51.39 14.15 Sobolevskite
Pit area FL03-157-15-2 24 16 SMS Po vari-textured hornblendite 48.49 24.79 26.72 0.00 0.00 0.00 34.41 34.54 31.05 Michenerite
pit area FL03-157-15-3 23 14 SMS Po vari-textured hornblendite 79.52 20.48 0.00 0.00 0.00 0.00 66.41 33.59 Froodite
pit area FL03-157-15-4 5 4 SMS Hbl/Po vari-textured hornblendite 48.34 24.49 27.17 0.00 0.00 0.00 34.30 34.12 31.57 Michenerite
pit area FL03-157-43-1 12 3 HPGE Po interstitial hornblendite 38.10 39.26 22.64 0.00 0.00 0.00 25.02 50.63 24.35 Kotulskite
pit area FL03-157-43-1 7 3 HPGE Po/Hbl interstitial hornblendite 29.86 25.57 41.94 2.63 0.00 0.00 19.70 33.13 45.31 1.86 Merenkyite
pit area FL03-159-4-1 15 5 above MS Hbl veinlets and clots amphibole schist 26.68 26.04 44.58 2.69 0.00 0.00 17.36 33.27 47.50 1.87 Merenkyite
pit area FL03-159-4-2 35 30 above MS Cpy veinlets and clots amphibole schist 33.73 38.65 27.62 0.00 0.00 0.00 21.78 49.01 29.21 Kotulskite
pit area FL03-159-4-3 18 10 above MS Cpy veinlets and clots amphibole schist 37.20 36.59 26.21 0.00 0.00 0.00 24.48 47.28 28.24 Kotulskite
pit area FL03-159-7B-1 13 10 MS Cpy/Hbl veinlets amphibole schist 50.41 29.44 20.14 0.00 0.00 0.00 35.70 40.94 23.36 Michenerite
pit area FL03-159-10B-1 10 8 HPGE Cpy vari-textured hornblendite 43.22 38.05 18.73 0.00 0.00 0.00 29.08 50.28 20.64 Sobolevskite
pit area FL03-159-20-1 3 3 HPGE Chl vari-textured amphibole schist 0.00 0.00 0.00 57.75 42.25 0.00 34.42 65.58 Sperrylite
pit area FL03-159-25-1 60 25 HPGE Py veinlets amphibole schist 22.38 40.65 36.97 0.00 0.00 0.00 13.75 49.05 37.20 Kotulskite
pit area FL03-159-25-2 25 15 HPGE Py veinlets amphibole schist 36.72 39.44 23.85 0.00 0.00 0.00 23.96 50.54 25.49 Kotulskite
pit area FL04-181-8-1 89 67 MS Po/Hbl MS amphibole schist 48.90 23.72 27.37 0.00 0.00 0.00 34.85 33.20 31.95 Michenerite *
pit area FL04-181-8-2 31 15 MS Chl/Cpy MS amphibole schist 51.97 37.07 10.96 0.00 0.00 0.00 36.42 51.01 12.58 Sobolevskite *
pit area FL04-181-8-3 8 6 MS CPy MS amphibole schist 0.00 71.19 0.00 0.00 0.00 28.81 0.00 73.87 0.00 26.13 Mertieite II *
pit area FL04-181-8-4 6 4 MS CPy MS amphibole schist 0.00 71.21 0.00 0.00 0.00 28.79 0.00 73.89 0.00 26.11 Mertieite II *
pit area FL04-181-8-5 4 2 MS CPy MS amphibole schist 0.00 71.15 0.00 0.00 0.00 28.85 0.00 73.83 0.00 26.17 Mertieite II
pit area FL04-181-8-6 33 20 MS Po MS amphibole schist 50.46 35.79 13.75 0.00 0.00 0.00 35.22 49.06 15.72 Sobolevskite
pit area FL04-181-22-1 87 64 HPGE Hbl disseminated amphibole schist 0.00 0.00 0.00 58.87 41.13 0.00 0.00 0.00 0.00 35.47 64.53 Sperrylite *
pit area FL04-181-22-2 35 24 HPGE Hbl-Qtz disseminated amphibole schist 0.00 0.00 0.00 58.82 41.18 0.00 0.00 0.00 0.00 35.42 64.58 Sperrylite *
pit area FL04-181-31a-2 8 5 SMS (HPGE) Po interstitial SMS amphibole schist 42.47 38.69 18.83 0.00 0.00 0.00 28.45 50.89 20.66 Sobolevskite
pit area FL04-181-31a-3 6 6 SMS (HPGE) Po-Pn interstitial SMS amphibole schist 42.01 39.46 18.53 0.00 0.00 0.00 28.04 51.71 20.25 Sobolevskite
pit area FL04-181-32-1 8 6 HPGE Cpy interstitial hornblendite 34.79 41.61 23.60 0.00 0.00 0.00 22.42 52.66 24.91 Kotulskite
pit area FL04-181-35b-1 7 2 SMS (HPGE) Po interstitial SMS hornblendite 55.83 37.40 6.77 0.00 0.00 0.00 39.78 52.32 7.90 Sobolevskite
pit area FL04-181-35b-2 13 8 SMS (HPGE) Po/Hbl interstitial SMS hornblendite 44.65 38.52 16.84 0.00 0.00 0.00 30.19 51.15 18.65 Sobolevskite
pit area FL04-181-37-1 78 71 HPGE Po/Pn-Qtz interstitial hornblendite 28.16 41.53 30.31 0.00 0.00 0.00 17.67 51.18 31.15 Kotulskite
pit area FL04-181-37-2 91 51 HPGE Cpy/Hbl interstitial hornblendite 27.13 41.34 31.52 0.00 0.00 0.00 16.96 50.76 32.28 Kotulskite
pit area FL04-181-37-3 33 23 HPGE Po interstitial hornblendite 29.40 40.88 29.72 0.00 0.00 0.00 18.57 50.70 30.74 Kotulskite
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Table 4.2. Results of quantitative WDS analyses of selected PGM from the Ferguson lake 
Ni-Cu-Co-PGE deposit, Nunavut. 
 
 
Abbreviations: MS: massive sulfide, SMS: semi-massive sulfide, HPGE: high-PGE mineralization, Py: 
pyrite, Po: pyrrotite, Cpy: chalcopyrite, Chl: chlorite,` Hbl: hornblende, Ep: epidote, Qtz: quartz. 
  
Zone Sample/PGM #
length 
(μm)
width 
(μm) Mineralization Host Mineral Texture Host rock
As 
(Wt%)
Rh 
(Wt%)
Pd 
(Wt%)
Ag 
(Wt%)
Sb 
(Wt%)
Te 
(Wt%)
Pt 
(Wt%)
Au 
(Wt%)
Bi 
(Wt%)
Total 
(Wt%)
As (At 
Prop)
Rh 
(At%)
Pd 
(At%)
Ag 
(At%)
Sb 
(At%)
Te 
(At%)
Pt 
(At%)
Au 
(At%)
Bi 
(At%) PGM
pit area FL02-142-5-a1 10 5 SMS Po/Py vari-textured hornblendite 0.10 37.64 0.57 18.91 0.05 42.92 100.19 0.18 0.00 49.57 0.00 0.66 20.77 0.04 0.00 28.79 Sobolevskite
pit area FL02-142-5-a3 10 5 SMS Po/Py vari-textured hornblendite 0.03 36.09 0.25 19.15 0.06 44.63 100.20 0.05 0.00 48.07 0.00 0.29 21.27 0.04 0.00 30.27 Sobolevskite
pit area FL02-142-5-a4 7 2 SMS Po/Py vari-textured hornblendite 0.06 36.92 0.35 19.56 0.04 0.05 40.98 97.97 0.12 0.00 49.53 0.00 0.42 21.88 0.03 0.04 27.99 Sobolevskite
pit area FL02-142-15-1 89 51 HPGE Py/Hbl vari-textured amphibolite 3.81 71.84 24.11 1.37 0.06 0.05 101.25 5.44 0.00 72.17 0.00 21.17 1.15 0.04 0.02 0.00 Mertieite II
pit area FL02-142-15-2 21 11 HPGE Py/Hbl vari-textured amphibolite 3.53 73.35 24.81 1.33 0.06 0.06 103.14 4.95 0.00 72.46 0.00 21.43 1.09 0.03 0.03 0.00 Mertieite II
pit area FL02-142-15-3 38 10 HPGE Py/Hbl vari-textured amphibolite 3.28 71.96 24.69 1.35 0.12 0.03 0.02 101.44 4.69 0.00 72.39 0.00 21.71 1.13 0.07 0.02 0.01 Mertieite II
pit area FL02-142-15-4 21 10 HPGE Py/Hbl vari-textured amphibolite 3.35 72.07 24.28 1.44 0.08 0.12 101.34 4.79 0.00 72.53 0.00 21.36 1.21 0.04 0.07 0.00 Mertieite II
pit area FL02-142-15-5 8 4 HPGE Py/Hbl vari-textured amphibolite 3.51 69.88 23.46 1.64 0.08 98.57 5.15 0.00 72.20 0.00 21.19 1.41 0.05 0.00 0.00 Mertieite II
pit area FL02-142-15-6 17 13 HPGE Py/Hbl vari-textured amphibolite 3.37 72.42 24.52 1.01 0.06 101.38 4.81 0.00 72.78 0.00 21.54 0.85 0.03 0.00 0.00 Mertieite II
Pit area FL02-142-15-9 77 33 HPGE Py vari-textured amphibolite 3.46 72.35 24.42 1.05 0.07 0.11 101.44 4.94 0.00 72.66 0.00 21.43 0.88 0.04 0.00 0.05 Mertieite II
pit area FL02-142-15-10 31 23 HPGE Ep-Chl vari-textured amphibolite 0.04 41.96 0.56 41.77 0.10 15.79 100.22 0.06 0.00 49.11 0.00 0.58 40.78 0.07 0.00 9.41 Kotulskite
pit area FL02-142-15-11 23 9 HPGE Ep-Chl vari-textured amphibolite 0.10 42.56 0.54 41.40 0.06 0.11 15.63 100.39 0.16 0.00 49.64 0.00 0.55 40.27 0.04 0.07 9.28 Kotulskite
pit area FL02-142-15-12 17 3 HPGE Ep-Chl vari-textured amphibolite 0.09 0.04 42.81 0.60 41.67 0.05 0.05 15.21 100.51 0.15 0.05 49.75 0.00 0.61 40.39 0.03 0.03 9.00 Kotulskite
pit area FL02-142-15-13 8 7 HPGE Ep-Chl vari-textured amphibolite 0.05 42.77 0.60 41.20 0.09 15.75 100.46 0.07 0.00 49.86 0.00 0.61 40.05 0.06 0.00 9.35 Kotulskite
pit area FL04-181-8-1 89 67 MS Po/Hbl MS amphibolite 0.14 24.47 0.37 28.96 0.03 46.13 100.10 0.27 0.00 33.69 0.00 0.44 33.25 0.02 0.00 32.34 Michenerite
pit area FL04-181-8-2 31 15 MS Chl/Cpy MS amphibolite 0.12 35.89 2.44 11.33 0.01 0.02 50.38 100.20 0.24 0.00 48.95 0.00 2.91 12.89 0.01 0.02 34.99 Sobolevskite
pit area FL04-181-8-3 8 6 MS CPy MS amphibolite 0.25 68.40 30.83 0.08 0.02 99.59 0.37 0.00 71.43 0.00 28.14 0.00 0.05 0.00 0.01 Mertieite II
pit area FL04-181-8-4 6 4 MS CPy MS amphibolite 0.19 68.98 0.41 30.99 0.03 0.04 0.01 100.64 0.28 0.00 71.27 0.42 27.98 0.02 0.02 0.00 0.00 Mertieite II
pit area FL04-181-22-1 87 64 HPGE Hbl disseminated amphibolite 46.23 0.20 0.01 0.01 55.65 102.10 68.23 0.21 0.01 0.00 0.01 0.00 31.54 0.00 0.00 Sperrylite
pit area FL04-181-22-2 35 24 HPGE Hbl-Qtz disseminated amphibolite 45.27 0.27 0.15 0.08 55.40 101.17 67.69 0.29 0.00 0.00 0.14 0.07 31.81 0.00 0.00 Sperrylite
119 zone FL02-139-27a-1 100 63 SMS Po-Cpy/Hbl vari-textured hornblendite 0.12 0.15 26.81 47.60 0.10 25.27 100.04 0.21 0.19 33.62 0.00 0.00 49.78 0.07 0.00 16.14 Merenkyite
119 zone FL02-139-27a-2 15 8 SMS Po/Hbl vari-textured hornblendite 0.04 27.09 0.10 45.55 0.08 0.02 28.08 100.97 0.00 0.05 34.05 0.00 0.11 47.74 0.06 0.01 17.97 Merenkyite
119 zone FL02-139-27a-3 25 13 SMS Po vari-textured hornblendite 0.10 0.08 27.42 0.11 45.96 0.11 0.11 27.88 101.77 0.17 0.11 34.11 0.00 0.12 47.69 0.08 0.07 17.66 Merenkyite
184 
 
 
CHAPTER 5 
Summary and concluding remarks 
 
5.1 Introduction 
 
In this dissertation, mineral chemistry (major and trace elements, and Sr isotopic 
composition) has been used as a tool to investigate and understand the nature of fluid-
rock interaction around two mafic-intermediate intrusions.  These data have been 
obtained by using state-of-the-art femtosecond LA-ICP-MS for Sr isotopic 
determinations, and well-established EDS, WDS and LA-ICP-MS methods for major and 
trace element analysis.  Both sub-studies provide insights into the nature of hydrothermal 
alteration and mineralization in and around mafic-intermediate intrusions, both during 
and after intrusion, and demonstrate that fluid-rock interaction was an important aspect of 
the evolution of such systems.  This research provides new insights into the origin of the 
fluids involved in the Sudbury structure hydrothermal system (Farrow and Watkinson, 
1999; Farrow and Lightfoot, 2002; Ames et al., 2002; Ames at al., 2005) (Chapter 2 and 
3).  It also has implications for the nature of hydrothermal activity in terrestrial meteorite 
impact structures in general as post-impact hydrothermal minerals assemblages observed 
in such structures are analogous to those that occur in the Sudbury structure (Ep-Kfs-Ab-
Qtz-Chl-Hbl-Bt) (cf. Naumov, 2002, 2005; Pirajno, 2009). In these systems, an interplay 
between the heat generated by the impact melt sheet, fluids derived from the impact melt 
sheet, and the influx of meteoric and groundwaters promotes hydrothermal alteration at 
various stratigraphic levels in the impact structure (cf. Naumov, 2002, 2005; Pirajno, 
2009). This dissertation also contributes to the ongoing debate on the role of 
hydrothermal fluids in the formation of PGE deposits in mafic intrusions, demonstrating 
that post-emplacement fluid-rock interaction can mobilize PGE and modify the character 
of Ni-Cu-PGE deposits in metamorphosed terrains (Chapter 4).  
 
Furthermore, the utility of the major and trace element compositions of hydrothermal 
epidote, K-feldspar and calcite as a proxy for fluid chemistry was also explored, which   
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provided interesting new information on the fractionation of REE and Y during  
orthomagmatic fluid exsolution and water-rock interaction.   
 
5.2 Sudbury structure hydrothermal system 
5.2.1 Sr isotope study 
 
In Chapter 2, new initial 87Sr/86Sr ratios of the various textural types of hydrothermal 
epidote and carbonate from the Sudbury Structure are presented. These were determined 
using femtosecond (Fs) laser ablation MC-ICP-MS, providing in-situ analysis of 
individual crystals or portions of crystals. To the author’s knowledge, this is the first 
study to report femtosecond LA-ICP-MS Sr isotopic analyses of epidote and calcite. In 
addition, bulk mineral separates of selected samples were analyzed by isotope dilution 
mass spectrometry as a general crosscheck on the accuracy of the LA data obtained. A 
preliminary fluid inclusion study was also carried out to constrain the physico-chemical 
characteristics of the circulating fluids, from which epidote in veins in the SIC 
precipitated. Strontium isotopic studies of hydrothermal epidote and calcite from the 
Sudbury Structure by (Fs) MC-LA-ICP-MS allow the following concluding remarks to be 
made: 
 
•  Throughout the SIC, epidote is found in miarolitic cavities (Ep-Kfs-Ab-Qtz-Chl-
Hbl-Bt) and mineralogically similar veins. However, textural evidence indicates 
that a variety of epidote types exist that reflect a complex fluid-rock interaction 
history.  In the cavities, an early blocky yellow epidote is postdated by a late, 
colourless replacement epidote. In the veins a colourless epidote is overprinted by 
a late yellow epidote. The colourless epidote in the veins is equivalent to the 
colourless replacement epidote in the cavities. In addition, early REE-rich epidote 
occurs in both the cavities and veins. Finally, this REE-rich epidote is replaced 
and crosscut by fine aggregates of allanite. In the Onaping Formation, two types 
of replacement epidote were identified, which are considered equivalent to the 
SIC-hosted blocky and late replacement miarolitic epidote types. 
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• Strontium isotopic studies of hydrothermal epidote and calcite by MC-LA-ICP-
MS yielded results of comparable accuracy to that obtained by conventional TIMS 
methods. Furthermore, the high spatial-resolution capabilities of the MC-LA-ICP-
MS, which allowed the analysis of individual crystals or portions of crystals (with 
potentially different isotopic compositions), was important in understanding and 
interpreting the data obtained in this study.  
 
• The initial 87Sr/86Sr ratios of hydrothermal epidote and calcite from various 
stratigraphic levels within the Sudbury Structure indicate that fluids from 
isotopically distinct sources circulated throughout the SIC and Onaping 
Formation, including orthomagmatic fluids derived from the SIC, 
contemporaneous Proterozoic seawater, and basement-derived fluids. 
 
• Early, blocky epidote from SIC-hosted miarolitic cavities has a narrow range 
(0.7071 to 0.7074), similar to the initial postulated 87Sr/86Sr ratios for the SIC 
(~0.7064 to 0.7073), but lower than most of the other SIC-hosted epidote. This 
epidote is interpreted to have precipitated from orthomagmatic fluids derived from 
the SIC. 
 
• Epidote from veins in the SIC generally displays high 87Sr/86Sr ratios compared to 
the blocky epidote in miarolitic cavities, but are similar to some of the higher 
values in later replacement and matrix epidote in the miarolitic cavities.  This is 
interpreted to reflect precipitation of the vein and late-stage miarolitic epidote 
from fluids that rose from the basement through the SIC, and which carried more 
radiogenic Sr. 
 
• Textural evidence indicates that REE-rich epidote present in the miarolitic cavities 
and veins precipitated early in the overall paragenetic sequence. In the cavities, 
this predates the blocky epidote and therefore presumably represents precipitation 
from early, REE-rich magmatic fluids.   
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• Onaping Formation epidote displays variable 87Sr/86Sr ratios (0.7087 to 0.7123) 
that are similar to values obtained from replacement, matrix and vein epidote 
hosted by the SIC. Thus, it is likely the Onaping Formation epidote was 
precipitated by basement fluids, similar to those that passed thought the SIC. 
 
• Our data are also consistent with a model in which the white laminated Vermilion 
Formation carbonate (0.7030) precipitated from Proterozoic seawater, although 
these values are somewhat lower than carbonate concretions in the Chelmsford 
Formation (~0.7056), and previously published Sr isotopic values for Proterozoic 
seawater (~0.7040 to 0.7055). The more radiogenic values observed in the 
Vermilion Formation grey calcite and epigenetic mineralized and discordant 
calcite, and their similarity with the Onaping Formation replacement and 
amygdule calcite, suggests involvement of more radiogenic fluids in this part of 
the system, and were also likely precipitated from seawater modified through 
interaction with the basement-derived fragments present in the Onaping 
Formation. 
 
• Replacement and amygdule calcite in the Onaping Formation was precipitated 
from fluids with Sr isotopic ratios that range from values close to those of 
Proterozoic seawater to more radiogenic values (0.7052 to 0.7148).  These values, 
along with the distribution and textures of calcite, are most consistent with 
precipitation from seawater whose Sr isotopic composition was variably modified 
through interaction with lithic fragments in the Onaping Formation.   
 
• Finally, the initial 87Sr/86Sr ratios of hydrothermal epidote and calcite from the 
Sudbury Structure indicate a fluid connection between the foot-wall and hanging-
wall of the Sudbury Igneous Complex.  
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5.2.2 Mineral chemistry study 
 
In chapter 3, data on the major and trace element composition of representative 
hydrothermal epidote, alkali feldspar and calcite is presented.  This was obtained using 
EMPA and LA-ICP-MS, and the data are used to further characterize the role of various 
postulated fluids in the hydrothermal system, in the context of the constraints imposed by 
the Sr isotopic data, and to test the usefulness of the major and trace element chemistry, 
especially the REE systematics, of the hydrothermal epidote, K-feldspar and calcite, as 
proxy for fluid chemistry. Major and trace element studies of hydrothermal epidote, K-
feldspar and calcite from various stratigraphic levels of the Sudbury Structure by LA-
ICP-MS allow the following conclusions to be made: 
 
• The blocky epidote that occurs in miarolitic cavities hosted by the SIC displays a 
lack of LREE-enrichment when normalized to the composition of the granophyre. 
Although the Sr isotopic composition of this epidote is consistent with 
precipitation from fluids exsolved from the SIC (Chapter 2), the lack of LREE 
enrichment with respect to the source magma (cf. Banks et al, 1994; Reed et al., 
2000; Samson and Wood, 2005) was unexpected, implying little fractionation 
between melt, fluid and epidote.  
 
• The SIC-hosted miarolitic blocky epidote that precipitated from orthomagmatic 
fluids is characterized by a larger positive Eu anomaly and lower ∑REE than the 
later, SIC-hosted miarolitic replacement and vein epidote. This blocky epidote 
was altered by basement-derived fluids that passed through the SIC, and which are 
represented by the late miarolitic replacement and vein epidote. The effects of 
mixing between the magmatic component (high Eu/Eu*) and later fluids is 
reflected in the chemistry of the late replacement and vein epidote (low Eu/Eu*). 
The composition of the earliest basement-derived fluids is most likely represented 
by the interstitial miarolitic cavity REE-rich epidote. The Eu/Eu* and ∑REE of 
the Onaping Formation replacement epidote span the range of the SIC-hosted 
blocky and late replacement and vein epidote, indicating that orthomagmatic and 
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basement-derived fluids also circulated through the Onaping Formation. Thus, the 
epidote REE data is consistent with the model developed from the Sr isotopic 
study and illustrates that the REE chemistry of epidote may be a useful proxy for 
fluid chemistry. 
 
• The K-feldspar ∑REE and Eu/Eu* data define a trend that is similar to that of the 
SIC and Onaping Formation epidote (although at lower ∑REE contents), also 
suggests mixing between a magmatic component (high Eu/Eu*) and externally 
derived fluids (low Eu/Eu*). 
 
• The granophyre-normalized Sr/Ba ratios of the SIC-hosted blocky, replacement 
and vein epidote overlap, and as a whole are significantly higher than the Sr/Ba 
ratio of the miarolitic and vein K-feldspar and albite. The Sr/Ba ratios most likely 
reflect crystal chemical effects due to preferential partition of Sr into epidote, and 
of Ba in feldspars. The role of an externally derived fluid as opposed to leaching 
of these elements from the SIC cannot be assessed since the Sr/Ba ratio of the SIC 
plot at intermediate values between those of the epidote and K-feldspar and 
overlap with those of the Archean and Huronian basement lithologies.  
 
• The granophyre-normalized U/Th ratios of the blocky miarolitic epidote, 
replacement miarolitic, REE-rich, interstitial miarolitic cavity, and vein epidote 
also overlap, and are higher than the U/Th ratio of the SIC. However, the 
compatible nature of these elements in epidote and the somewhat higher partition 
coefficients of Th between epidote and fluids, indicates that the U/Th ratios reflect 
are related to the chemistry of the source fluid.  
 
• Hydrothermal epidote from the SIC displays variable Fe3+ and Al3+ contents, 
irrespective of textural setting or stratigraphic position (Fe/Fe+Al ratios vary from 
0.12 to 0.43), and overlap with values for Onaping Formation-hosted epidote (cf. 
Ames, 1999). Variable Fe/Fe+Al ratios resulted from homovalent substitution of 
Fe3+ for Al3+ in the octahedral (M) site and reflects temperature and/or redox 
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variations during epidote precipitation. However, no systematic trend of 
increasing Al content with increasing depth in the system was observed (cf. 
Beiersdorfer and Day, 1995), implying that the Fe/Fe+Al ratios do not reflect the 
dominant temperature or redox conditions that prevailed at different stratigraphic 
intervals in the system. Instead, overlap in the Fe/Fe+Al ratios indicate that fluids 
of similar composition circulated through both the SIC and Onaping Formation. 
This is consistent with the Sr isotopic data and the REE systematics of epidote, 
although no clear distinction between the magmatic and late, basement-derived 
fluids was evident from the major element data. 
 
• The REE systematics of the Vermilion Formation white laminated and 
recrystallized calcite is consistent with precipitation from seawater. However, the 
distinct character of some sulphide-related Vermilion Formation epigenetic 
calcites with extremely high Y/Dy ratios indicate involvement of fluids 
dominantly of seawater affinity, but modified through interaction with the 
Onaping Formation lithologies. This was not evident from the Sr isotopic studies, 
illustrating the usefulness of the REE chemistry as a proxy for fluid chemistry. 
 
• The Sr isotopic data on replacement and amygdule calcite in the Onaping 
Formation were interpreted as indicating that these calcite types precipitated from 
seawater modified through interaction with lithic fragments in the Onaping 
Formation. However, by analogy with the epidote, some of the calcite ∑REE and 
Eu/Eu* data more likely indicate mixing between a magmatic component (high 
Eu/Eu*) derived from the SIC (especially observed in some amygdule calcite), 
and basement derived fluids of lower Eu/Eu*. Furthermore, some other 
replacement and amygdule calcite in the Onaping Formation reflect mixing 
between Sudbury basin Proterozoic seawater and the basement-derived fluids. 
 
• The blocky miarolitic epidote that precipitated from orthomagmatic fluids is 
characterized by a large, positive Eu anomaly, in contrast to the SIC rocks, which 
are characterized by negative anomalies.  The experimental data of Reed et al. 
(2000) shows that this is only possible if the exsolving fluid is of low salinity 
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(<1.1 m Cl-), indicating that the fluids that exsolved from the SIC were likely to 
have been of low salinity.   However, high Eu2+ concentrations (relative to Eu3+) 
in the orthomagmatic fluids could also reflect solubility and/or redox effects at 
temperatures above 250 °C (cf. Sverjensky 1984). The distinct positive Eu 
anomaly (although of lower intensity compared with the blocky epidote) observed 
in the SIC-hosted miarolitic replacement and vein epidote and K-feldspar, and in 
the Onaping Formation replacement and amygdule calcite and epidote, is 
consistent with precipitation from relatively hot, reduced fluids. 
 
 5.3 Ferguson Lake study 
 
5.3.1 Chemistry of Platinum Group Minerals 
 
Chapter 4 presents analyses and a discussion of the textural characteristics of sulfides and 
PGM, and of the chemical composition of PGM, in the massive sulfide and the low-
sulfide PGE-rich zones in the Ferguson Lake Ni-Cu-PGE deposit, Nunavut (Carter, 2006; 
Nicholson, 2007; Miller, 2007). The genetic link between these two styles of 
mineralization was previously undetermined. The main conclusions from this study are as 
follows: 
 
• Magmatic sulfides are represented by the massive sulfide, and by interstitial 
sulfide in the high-PGE zones. 
 
• Sulfides also occur in veins that crosscut the foliation and are associated with 
chlorite ± epidote ± quartz alteration of metamorphic assemblages, and as 
disseminated alteration throughout the host meta-gabbro at variable distances 
from the main massive sulfide interval. Abundant veining and alteration at 
Ferguson Lake indicate water-rock interaction that resulted in the precipitation of 
sulfides and PGE.  
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• Platinum group minerals (PGM) occur as: inclusions in pyrrhotite and 
chalcopyrite in both the massive sulfide and high PGE zones; at the contact 
between sulfides and hornblende or magnetite inclusions in the massive sulphide; 
in the sulfide veins crosscutting the foliation and adjacent chlorite and/or epidote 
halos; in hornblende adjacent to hydrothermal veins; and in plagioclase-chlorite-
biotite aggregates replacing garnet cemented by sulfide. 
 
• PGM are mainly represented by the kotulskite (PdTe) - sobolevskite (PdBi) solid 
solution, but also include michenerite (PdBiTe), froodite (PdBi2), mertieite II 
(Pd8(Sb,As)3), stillwaterite (Pd8As3) and sperrylite (PtAs2). PGM in the massive 
sulfide are generally sobolevskite whereas those that are demonstrably 
hydrothermal in the high-PGE zone are kotulskite. Some PGM hosted in 
hydrothermal pyrite veins are arsenoantimonides. 
 
• The textures exhibited by PGM in magmatic sulfides in the massive sulfide and 
high-PGE zones indicate that PGE mineralization was initially controlled by 
sulfide liquid segregation, followed by exsolution of PGM from base metal 
sulfides. 
 
• The occurrence of PGM in sulfide-bearing veins and in their chlorite-epidote 
haloes, and differences in PGM chemistry, indicate that hydrothermal fluids were 
responsible for late- or post-metamorphic redistribution and dispersion of PGE. 
 
• Compositional differences between the magmatic and hydrothermal PGM, and the 
overall Te-enrichement observed in the PGM hosted by the sheared semi-massive 
sulfides suggests modification of the primary magmatic sulfide-PGM 
mineralization in the sheared semi-masssive sulfides by hydrothermal fluids. 
However, the possibility that the latter represent higher temperature crystallization 
is suggested by analogy with the occurrence of kotulskite-mereskyite solid 
solution at temperatures above 575 °C (cf. Hoffman and MacLean, 1976).   
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• In summary, compelling textural and mineral chemical evidence (i.e., PGM 
chemistry) indicates that in addition to ore formation involving crystallization of 
magmatic sulfides and exsolution of PGM, deformation and metamorphism 
followed by late-stage hydrothermal activity have to some extent participated in 
the precipitation of PGM, and in the redistribution of primary sulfide-PGE 
mineralization. This is supported by correlation between the chemistry of the 
PGM, the textural type of sulfide mineralization, and the presence of alteration 
(Fig. 4.13a-d). Therefore, the present day configuration of the Ferguson Lake 
deposit reflects a complex history involving magmatic processes, overprinted by 
metamorphism and deformation and late-stage hydrothermal activity.  
 
5.4 Suggestions for Future work 
 
5.4.1 Sudbury Structure 
 
A precise initial Sr isotopic composition for the SIC remains to be determined. This may 
be best achieved by analyzing unaltered magmatic apatite or albite crystals, taking 
advantage of the experience gained in this study from the Sr isotopic analysis of epidote 
and calcite using multi collector (Fs) LA-ICP-MS. Furthermore, constraining the age of 
the hydrothermal event from which the magmatic blocky miarolitic epidote and the late 
replacement miarolitic and vein epidote precipitated is needed, mainly because it would 
clarify the influence of any late hydrothermal signatures associated with the metamorphic 
events that affected the Sudbury Structure after its emplacement  at ~1.85 Ga. 
 
A more detailed major, trace and Sr isotopic study of the footwall alteration assemblages 
is required, including hydrothermal assemblages in proximity to Ni-Cu-PGE 
mineralization both in the North and South ranges, in order to further understand the 
nature of basement fluids that passed through the SIC, and potentially determine if the 
fluids that have interacted with Ni-Cu-PGE ores have also passed thought the SIC, 
potentially providing a tool to allow vectoring towards hidden mineralization. 
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Detailed fluid inclusion studies of miarolitic cavities and veins including determination of 
major and trace element chemistry of individual fluid inclusions using the high spatial 
resolution capabilities of the LA-ICP-MS, is required to constrained the trapping 
temperatures and chemistry of magmatic and basement-derived fluids preserved in the 
fluid inclusions. Furthermore, as most fluid inclusion studies have been carried in the 
Footwall to the SIC in proximity to Ni-Cu-PGE mineralization (e.g. Molnár et al., 1997; 
Marshall et al., 1999; Molnár et al., 1999; Molnár and Watkinson, 2001), a 
comprehensive fluid inclusion study through the SIC and Onaping Formation is required 
in order to evaluate how the temperature and chemistry of the fluids vary in the system 
and help to interpret the epidote-K-feldspar and calcite chemical data (e.g. variations in 
the Eu anomaly). 
   
Fluid-mineral partition data (especially for REE) is very limited, and this study illustrates 
the need for such information, especially at high temperatures.   
5.4.2 Ferguson Lake 
 
Analysis of the chemistry of the base metal sulfides would help to assess the total PGE 
budget for the deposit, and therefore the importance of the remobilization of PGE from 
base metal sulfides into PGM during interaction with hydrothermal fluids. Determination 
of the major, trace, stable and Sr isotopic composition of hydrothermal minerals (e.g., 
epidote, calcite, alkali feldspars) as proxy of fluid chemistry will help to characterize the 
nature of the fluids that have passed through, and circulated around, the Ferguson lake Ni-
Cu-PGE mineralization, and the overall hydrothermal architecture of this paleo-
hydrothermal system. A complementary fluid inclusion study through the host meta-
gabbro and mineralized zones will be important to evaluate the relation between the fluid 
temperature and chemistry in the system. Furthermore, an overall better understanding of 
the evolution of the system would be provided by precise age determinations of the 
mineralization and the deformation events. 
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Appendix 1. Data reduction and correction protocol for the Sr isotopic data 
determined by Femtosecond LA-MC-ICP-MS 
 
1.1 Experimental setting 
 
This appendix summarizes the method used for the Sr isotope analysis of hydrothermal 
epidote and calcite from the Sudbury structure using femtosecond laser ablation 
multicollector inductively coupled plasma mass spectrometry [(Fs)-LA-MC-ICP-MS]. 
The analytical system consists of a Quantronix Integra C 785 nm diode pumped YLF 
(yttrium-lithium fluoride) ultra-fast (femtosecond) laser, coupled to a ThermoFinnigan 
Neptune® multicollector ICP-MS. The laser operated at energies of 0.105 to 1.07 
mJ/pulse, at a frequency of 100 Hz. The overall instrumental setting, specifications, 
operation and calibration of the ICP-MS and femtosecond laser ablation system at GLIER 
have been described in detail by Gagnon et al. (2008) and Shaheen et al. (2008), and 
won’t be discuss further.  
 
The faraday detector configuration (Table A1.1) shows the isotopes of interest analyzed 
during the laser ablation experiments, and potential isobaric interferences on the Sr and 
Rb masses that need corrections to obtain accurate 87Sr/86Sr isotopic ratios. The same 
isotopic interferences in addition to Ca dimer and Ca argide interferences have been 
previously described (c.f. Ramos et al., 2004, Woodhead et al., 2005, Horstwood et al., 
2008). The overall data reduction and correction protocol is presented in Figure A1.1. 
  
1.2 Data acquisition 
 
The ablation process was carried using a laser beam diameter was ~ 62 μm in epidote and 
~ 85 μm in calcite. For both epidote and calcite the ablation speed ranged from 5 to 7.1 
μm/s (average 5.7 μm/s). Although some epidote crystals display irregular zonation 
potentially related to the presence of two isotopically different phases rather than primary 
growth features, the laser ablation transects were located to traverse along optically 
200 
 
 
homogeneous crystals (i.e. single phase), and areas free of inclusions of potentially 
different isotopic composition that were visible under the microscope. No zonation was 
optically evident in the calcite crystals. Considering the laser beam diameter, ablation 
speed, counting statistics and integration time together indicate that zones < ~60 μm in 
epidote and ~80 μm in calcite can not be resolved from the laser ablation signal, therefore 
the results represent an average composition of the ablated crystals crystal or individual 
phases within them. Three hundred cycles of data were collected for each laser ablation 
analysis, with an integration time for each cycle of 1.049 seconds. During sample 
ablations experiments, the gas blank was collected for 100 cycles, to allow subsequent 
correction for background interferences.  The laser was then switched on, and the sample 
was ablated for up to 200 cycles, depending on the size of the crystal. A minimum period 
of five minutes was allowed for flushing the ICP-MS between each sample. The raw data 
was exported to offline commercial spreadsheet software for data reduction and 
correction of isobaric interferences. 
  
1.3 Data reduction and correction 
 
1.3.1 Selection of background and sample integration regions 
 
Treatment of the time-resolved laser ablation spectra to obtain 87Sr/86Sr and Rb/Sr ratios 
was achieved using commercial spreadsheet software and in-house programming. Initially 
the laser signal was inspected on a time resolved plot for 87Sr/86Sr and 85Rb/86Sr (in raw 
cps) to determine the background and sample integration regions. This was done by 
observing the coherence of the 87Sr/86Sr and 85Rb/86Sr ratios and stability of the signal 
along the integration regions. In most cases, the selected integration regions are consistent 
indicating that the analyzed crystals do not have significant isotopic differences, although 
in some cases there were isotopic differences between different crystals (or phases) in a 
single sample. Where present, abrupt spikes in the signal were not selected as part of the 
integration regions, as spikes are likely related to the presence of inclusions of 
isotopically different composition. However, spikes in the signal were an exception. 
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Analytical precision was calculated as the two times standard error (±2σ error) of the 
integrated region selected from every individual laser ablation transects. 
 
1.3.2 Outlier analysis and background correction 
 
The raw data was filtered for outliers (mean ± 2σ), using the measured 88Sr signal and the 
calculated 87Sr/86Sr and 88Sr/86Sr ratios (background regions only used 88Sr). Then, 
background correction was performed by subtracting the mean outlier filtered background 
signal, from that of the sample signal. 
 
1.3.3 Erbium interferences 
 
Divalent 166Er2+, 168Er2+, 170Er2+ produce isobaric interferences on the 83, 84 and 85 
masses (i.e. 83Kr, 84Sr and 85Rb). 166Er2+ was calculated form measured 167Er2+ and the 
167Er2+/166Er2+ ratio adapted from Chartier et al. (1999) 
 
166Er2+(calculated) =൥
൫167E୰మశ൯ౣ౛౗౩౫౨౛ౚ
൬
167E౨మశ
166E౨మశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
൩    (Equation 1) 
 
1.3.4 Krypton interferences 
 
Krypton is commonly present as a trace impurity in the carrier gases used in ICP-MS. It 
has two monovalent isotopes (84Kr and 86Kr) that produce isobaric interferences with the 
84Sr and 86Sr isotopes. 83Kr+corrected for 166Er2+ interference was calculated from the 
following equation  
 
83Kr+ (corrected for 166Er2+) = 83Kr+measured – Equation 1 
83Kr+ (corrected for 166Er2+) = 83Krା୫ୣୟୱ୳୰ୣୢ െ ൥
൫167E୰మశ൯ౣ౛౗౩౫౨౛ౚ
൬
167E౨మశ
166E౨మశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
൩ (Equation 2) 
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Then, 86Kr+ was calculated from 83Kr+(corrected for 166Er2+) value and the 86Kr+/83Kr+ ratio 
adapted from Ozima and Podosek (2001) 
 
86Kr+ (calculated) = (Equation 2) ൈ ቀ
86K୰శ
83K୰శ
ቁ
୬ୟ୲୳୰ୟ୪ ୟୠ୳୬ୢୟ୬ୡୣ
   (Equation 3) 
 
 
1.3.5 Ytterbium interferences 
 
Divalent 168Yb2+, 170Yb2+, 172Yb2+,174Yb2+,176b2+ produce isobaric interferences  on the 
84Sr, 85Rb, 86Sr, 87Sr and 88Sr isotopes respectively. The 172Yb2+ and 176Yb2+ were 
calculated from the measured 173Yb2+ in combination with the 173Yb2+/172Yb2+ and 
176Yb2+/173Yb2+ (?) ratios adapted from Segal et al. (2003). 
 
172Yb2+ (calculated) = 
ଵ଻ଷ Yౘమశሺౣ౛౗౩౫౨౛ౚሻ
ቆ
భళయ Yౘమశ
భళమ Yౘమశ
ቇ
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
     (Equation 4) 
 
 
176Yb2+ (calculated) = 173 Yୠమశሺ୫ୣୟୱ୳୰ୣୢሻ ൈ ൬
ଵ଻଺ Yౘమశ
ଵ଻ଷ Yౘమశ
൰
୬ୟ୲୳୰ୟ୪ ୟୠ୳୬ୢୟ୬ୡୣ
  (Equation 5) 
 
 
Then, the 86Sr+ values corrected for 172Yb2+ mass was calculated using the following 
equation: 
 
86Sr+ (corrected 172Yb2+) = 86Srା୫ୣୟୱ୳୰ୣୢ െ 172Ybଶାሺୡୟ୪ୡ୳୪ୟ୲ୣୢሻ 
 
86Sr+ (corrected 172Yb2+) = 86Srା୫ୣୟୱ୳୰ୣୢ െ Equation 4  
 
86Sr+ (corrected 172Yb2+) = 86Srା୫ୣୟୱ୳୰ୣୢ െ ൥
൫172Yୠమశ൯ౙ౗ౢౙ౫ౢ౗౪౛ౚ
൬
173Yౘమశ
172Yౘమశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
൩ (Equation 6) 
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Following this, 176Lu2+ was calculated from 173Yb2+(measured), and the chondrite and natural 
abundance, in order to correct for interferences on 88Sr+ 
 
176Lu2+ (calculated) = 
ቀ
173Yୠమశ
173YୠమశC౞౥౤ౚ౨౟౪౛ ൈ 
173Yୠమశ౗ౘ౫౤ౚ౗౤ౙ౛ 
ቁ ൈ ሺ176LuଶାC୦୭୬ୢ୰୧୲ୣ ൈ  
176Luଶାୟୠ୳୬ୢୟ୬ୡୣ ሻ
 
(Equation 7) 
 
The 88Sr+ corrected for 176Yb2+, 176Lu2+ + interferences was then calculated by subtracting 
from the measured 88 mass the 176Yb2+, 176Lu2+ calculated using equations 4 and 7. 
 
 
88Sr+ (176Yb2+, 176Lu2+ corrected) =  88Srା୫ୣୟୱ୳୰ୣୢ െ Equation 4 െ Equation 7 
 
  
88Sr+ (176Yb2+, 176Lu2+ corrected)= 
 88Srା୫ୣୟୱ୳୰ୣୢ െ ൥
൫176Yୠమశ൯ౙ౗ౢౙ౫ౢ౗౪౛ౚ
൬
173Yౘమశ
176Yౘమశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
൩ െ ൥
൫176ۺܝ૛శ൯܋܉ܔ܋ܝܔ܉ܜ܍܌
൬
173Yౘమశ
176Yౘమశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
൩   
          (Equation 8) 
 
1.3.6 Calculation of the fractionation factor per unit mass 
 
A fractionation factor per unit mass using an exponential mass law, and normalized to an 
86Sr/88Sr ratio of 0.1194, was used to calculate mass bias and interference corrected 
intensities of Kr, Er, Yb and Rb on 84Sr and 87Sr. This method has been applied in most 
laser ablation studies (Vroon, et al., 2008). 
 
  Factor = ቀLNሾሺ଼଼S౨/଼଺S౨ሻ౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗ౙ౛ ሺ଼଼S౨/଼଺S౨ሻౣ౛౗౤ ౣ౛౗౩౫౨౛ౚ⁄ ሿ
଼଺ൈLNሺ଼଼/଼଺ሻ
ቁ  (Equation 9) 
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84Kr+was calculated from the from the corrected 83Kr+ (Equation 2), to subsequently 
correct for 84Kr+ interference on 84Sr+ 
84Kr+ (calculated) = (Equation 2) ൈ ۴܉܋ܜܗܚ ൌ ሺEquation 2ሻ ൈ
൬
84K౨శ
83K౨శ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
ఴర
ఴయ
ሾ۴܉܋ܜܗܚൈఴయሿ
 (Equation 9) 
 
168Er2+ and 168Yb2+ were calculated in order to subtract the interference on 84Sr+ in 
equation 17 
 
168Er2+ (calculated) = 167Erଶାሺ୫ୣୟୱ୳୰ୣୢሻ  ൈ
൬
168E౨మశ
167E౨మశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
భలఴ
భలళ
ሾ۴܉܋ܜܗܚൈభలళሿ   (Equation 10) 
 
168Yb2+ (calculated)= 
ଵ଻ଷ Yౘమశ ሺౣ౛౗౩౫౨౛ౚሻ
ۉ
ۇ
ቆ
భళయ Yౘమశ
భలఴ Yౘమశ
ቇ
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
భళయ
భలఴ
ሾ۴܉܋ܜܗܚൈభలఴሿ
ی
ۊ
     (Equation 11) 
 
 170Er2+ and 170Yb2+ were calculated to correct for isobaric interferences on 85Rb+ 
 
170Er2+ (calculated) = 167Er2+(measured) ൈ
൬
170E౨మశ
167E౨మశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
భళబ
భలళ
ሾ۴܉܋ܜܗܚൈభలళሿ    (Equation 12) 
 
 
170Yb2+ (calculated) = 
ଵ଻ଷ Yౘమశሺౣ౛౗౩౫౨౛ౚሻ
൮
ቆ
173Yౘమశ
170Yౘమశ
ቇ
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
భళయ
భళబ
ሾ۴܉܋ܜܗܚൈభళబሿ ൲
     (Equation 13) 
 
The 85Rb+ corrected for 170Er2+ and 170Yb2+ interference was the calculated as follows: 
 
 85Rb+ (corrected)= 85Rb(measured)- Equation 12- Equation 13 
 
 85Rb+ (corrected) = 85Rb(measured)- 170Er2+ (calculated)  - 170Yb2+ (calculated) (Equation 14) 
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Then, 87Rb+ was calculated from equation 14 to subsequently correct for 87Rb+ 
interference on 87Sr+ later in equation 18 
 
87Rb+ (calculated) = Equation 14 ൈ
൬
87Rౘశ
85Rౘశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
ఴళ
ఴఱ
ሾ۴܉܋ܜܗܚൈఴఱሿ  
87Rb+ (calculated) = 85Rb+(calculated) ൈ
൬
87Rౘశ
85Rౘశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
ఴళ
ఴఱ
ሾ۴܉܋ܜܗܚൈఴఱሿ    (Equation 15) 
 
The 174Yb2+ was also calculated to interferences in 87Sr+ later in equation 18 
174Yb2+ (calculated) = 173Yb2+(measured) ൈ
൬
174Yౘమశ
173Yౘమశ
൰
౤౗౪౫౨౗ౢ ౗ౘ౫౤ౚ౗౤ౙ౛
భళర
భళయ
ሾ۴܉܋ܜܗܚൈభళయሿ    (Equation 16) 
 
1.3.7 Mass bias and interference corrected 84Sr and 87Sr 
 
84Sr (corrected for 168Er2+, 168Yb2+) = 84Sr+(measured)  - Equation 10 - Equation 11 
 
 
84Sr (corrected for 168Er2+, 168Yb2+) = 84Sr+(measured)  -168Er2+(calculated) - 168Yb2+ (calculated)  
          (Equation 17) 
 
And,  
 
87Sr+ (corrected for 87Rb+, 174Yb2+) = 87Sr+ - Equation 15 - Equation 16 
 
 
  87Sr+ (corrected for 87Rb+, 174Yb2+) = 87Sr+(measured) - 87Rb+ (calculated) - 174Yb2+ (calculated) 
          (Equation 18) 
 
1.3.8 Calcium dimers and Ca argides interferences 
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Calcium dimer (44Ca43Ca+) and Ca argide (44Ca40Ar+) interferences on the Sr masses have 
been reported when analyzing material with high Ca/Sr ratios such as calcite and 
plagioclase (e.g. Ramos et al., 2004), because if they are not considered during 
calculation of 87r/86Sr and 84Sr/86Sr ratios, the uncorrected values produce 87Sr/86Sr and 
84Sr/86Sr ratios that do not reflect the true isotopic composition of the sample. In 
particular the 84Sr/86Sr ratios are too high. Calcite and epidote were the two minerals 
studied in this research, and thus it is possible that Ca dimers and Ca argides are potential 
interferences that can affect the Sr isotopic determinations. Previous Sr isotopic studies 
on various materials (e.g. NBS987 solutions, otoliths, carbonates, Ca-phosphates,) have 
shown that after REE2+ and Ca2 corrections, the 84Sr/86Sr ratios fall within the analytical 
error (±2σ error) of the 84Sr/86Sr values determined for NBS987 standard solutions (c.f. 
Ramos et al., 2004; Woodhead et al., 2005; Horstwood et al., 2008), clearly indicating 
that Ca dimers and Ca argides were a significant source of error and corrections was 
necessary in those studies. However, detailed experimental studies carried on NBS987 Sr 
carbonate standard solutions and Fs laser ablation isotope analysis of otolith-powdered 
standards in the GLIER lab (FEBS-1) (Yang et al., in prep.), has demonstrated that Ca 
dimers or Ca argides are not detectable. This can be observed in a background corrected 
82Kr vs. 88Sr intensity plot (Fig. A1.2), where the lack of correlation in the data obtained 
by (Fs)LA-MC-ICP-MS Fs laser Sr isotope analysis of FEBS-1, indicated that no effect 
of 40Ca42Ca or 42Ca40Ar on the intensity of 82Kr, otherwise a positive correlation would be 
expected. Also the calculated  84Sr/86Sr ratios for the mineral analyses without  this 
correction are at or below the accepted value. The same (Fs)LA-MC-ICP-MS system was 
used in our study of epidote and calcite, thus the interferences due to Ca dimers and Ca 
argides are not significant, and the laser ablation results were not corrected for of these 
interferences. 
 
1.3.9 Background and interference corrected 84Sr/86Sr and 87Sr/86Sr ratios 
 
From the above equations, the 84Sr/86Sr and 87Sr/86Sr were calculated as follows: 
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 ቀૡ૝܁ܚ
ૡ૟܁ܚ
ቁ
܋ܗܚܚ܍܋ܜ܍܌ 
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ቁ
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168Yୠమశሺౙ౗ౢౙ౫ౢ౗౪౛ౚሻ 
86S୰శ 
ቀభళమYౘమశ ౙ౥౨౨౛ౙ౪౛ౚቁ
  
          (Equation 19) 
 
And, 
 
 ቀૡૠ܁ܚ
ૡ૟܁ܚ
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          (Equation 20) 
 
1.3.10 Mass bias corrected isotopic ratios 
 
 ቀૡ૝܁ܚ
ૡ૟܁ܚ
ቁሺۻ܉ܛܛ ܊ܑ܉ܛ
܋ܗܚܚ܍܋ܜ܍܌ሻ 
ൌ ሺEquation 19ሻ ൈ ሺ84/86ሻሺ۴܉܋ܜܗܚכ଼଺ሻ 
  
 ቀૡ૝܁ܚ
ૡ૟܁ܚ
ቁሺۻ܉ܛܛ ܊ܑ܉ܛ
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ൌ ቀ଼ସS౨
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ቁ
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ൈ ሺ84/86ሻሺFୟୡ୲୭୰כ଼଺ሻ  (Equation 21) 
 
 
And,  
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 ቀૡૠ܁ܚ
ૡ૟܁ܚ
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܋ܗܚܚ܍܋ܜ܍܌ሻ 
ൌ ሺEquation 20ሻ ൈ ሺ87/86ሻሺ۴܉܋ܜܗܚכ଼଺ሻ 
 
 ቀૡૠ܁ܚ
ૡ૟܁ܚ
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ൈ ሺ87/86ሻሺFୟୡ୲୭୰כ଼଺ሻ   (Equation 22) 
 
 
1.4 Determination of the Rb/Sr and age corrections 
 
From the interference corrected values the mean 85Rb+/86Sr+ ratio of the sample was 
calculated 
 
 ቆ
ૡ૞
܀܊൅
ૡ૟
܁ܚ൅
ቇ
ሺୱୟ୫୮୪ୣሻ
ൌ Equation 14
Equation 6
 
 
 ቆ
ૡ૞
܀܊൅
ૡ૟
܁ܚ൅
ቇ
ሺୱୟ୫୮୪ୣሻ
ൌ
85
Rb൅ሺcorrectedሻ
86
Sr൅ሺcorrectedሻ
     (Equation 23) 
 
 
NIST 610 glass was analyzed to determine mass and element bias affects and determine 
calibration factors for in situ Rb/Sr determinations to allow for age and interference 
corrections of Sr isotopic ratios. Then, the measured 85Rb/86Sr interference corrected 
ratios of the NIST-610 glass standard was determined. 
 
 
ૡ૞܀܊శ
ૡ૟܁ܚశ ሺۼ۷܁܂ି૟૚૙ሻ
ൌ ૢ. ૜ૢ૚૞૜      (Equation 24) 
 
Then, from the published NIST-610 (ppm) data the Rb/Sr ratio was determined 
 
 
܀܊
܁ܚ ሺۼ۷܁܂ି૟૚૙ሻ
ൌ ସଷଵ.ଵ଴
ସଽ଻.ସ଴
      (Equation 25) 
 
209 
 
 
Using a linear regression a correction factor for the Rb/Sr ratio in the sample was 
obtained 
 
 ۱ܗܚܚ܍܋ܜܑܗܖ ܎܉܋ܜܗܚ ሺ۱۴ሻ ൌ E୯୳ୟ୲୧୭୬ ଶସ
E୯୳ୟ୲୧୭୬ ଶହ
ൌ10.8358746  (Equation 26) 
 
This factor was applied to each sample 
 
 
܀܊
܁ܚ ሺܛ܉ܕܘܔ܍ሻ
ൌ ቀ
85Rb൅
86Sr൅
ቁ
ሺsampleሻ
ൈ  ۱۴     (Equation 27) 
 
Following this, the 87Rb/86Sr isotope ratio in the sample was determined from:  
• the accepted values for 
o Isotopic mass of 84Sr, 86Sr, 87Sr, 88Sr 
o The isotopic ratio of the naturally abundances: 86Sr/88Sr, 84Sr/86Sr, 84Sr/88Sr 
o Isotope mass, abundance and atomic weight of 85Rb and 87Rb 
• The measured 87Sr/86Sr (mass bias and interference corrected ratio) 
 
Then, the following calculations were made: 
• The Rb atomic weight (amu) 
• Recalculate the 84Sr, 86Sr, 87Sr, 88Sr abundances in the samples to 100% 
• The Sr atomic weight (amu) from the recalculated abundances 
 
The 87Rb+/86Sr+ ration of the sample was calculated as follows: 
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൰  
          (Equation 28) 
The age corrected 87Sr/86Sr ratios were obtained using: 
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• 87Rb → 87Sr decay constant  λ ൌ 1.42 ൈ 10െ11 
•  t = 1.85 Ga 
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Fig. A1.1 Flow chart representing the (Fs) LA-ICP-MS.Sr isotope data reduction and 
correction protocol. 
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Fig. A1.2. Background corrected 82Kr vs. 88Sr intensity in (Fs) LA-ICP-MS Sr isotope 
analysis of FEBS-1 
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Table. A1.1. Faraday detector configuration  
 
 
  
Collector L4 L3 L2 L1 C H1 H2 H3 H4 
Mass 83 83.5 84 85 86 86.5 87 88 89
Isotopes of interest 83Kr 167Er 84Sr 85Rb 86Sr 173Yb 87Rb 88Sr 89Y 
Gas-related interferences 83Kr 84Kr 86Kr
Sample-related interferences
166Er 167Er 168Er 
168Yb
85Rb 
170Er 
170Yb
172Yb 173Yb 87Rb 
174Yb 
174Hf
176Yb 
176Lu 
176Hf
Monitor REE
89Y 
178Hf 
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Appendix 2. Petrography of miarolitic cavities and veins  
 
Miarolitic cavities 
 
The miarolitic cavities have rounded, elongated or irregular shapes, and range from a few 
mm to a few cm in maximum diameter (see Chapter 2, Figs. 2.4a-c).  In the granophyre 
and Onaping Intrusion the miarolitic cavities occur mainly as isolated features (Fig. 
2.4b,c), however, in the quartz-gabbro they are associated with more extensive patches of 
alkali feldspar alteration. These patches occur as either isolated features, or as linear 
(planar?) zones (Fig. 2.4d). Miarolitic cavities were also observed in pegmatitic/aplitic 
pods (Fig. 2.4a) in the transition quartz-gabbro.  
 
These cavities typically consist of an outer rim of a graphic intergrowth of quartz, K-
feldspar and albite, or of quartz and albite without K-feldspar (Fig. A2a). The albite 
crystals at the edge of the central filling of the miarolitic cavities (inside this outer graphic 
rim) commonly have subhedral shapes, some with curved faces. A typical feature of the 
quartz-K-feldspar-albite graphic intergrowths at the edge of miarolitic cavities is the 
presence of small epidote inclusions (5 to 10 µm) that occur at the contact between K-
feldspar and albite, or within either of these feldspars (Fig. A2b). Zircon, titanite, chlorite 
and hematite inclusions may also be present in these quartz-K-feldspar-albite 
intergrowths. Small pores (typically 5 to 10 µm), with rounded or irregular shapes, are 
present within the albite and K-feldspar, or at the contact between quartz and these 
feldspars (Fig. A2b). Epidote and hematite can also be present within these pores. Some 
cavities exhibit a discontinuous rim of subhedral quartz projecting inwards from the 
graphic K-feldspar-albite-quartz rim. The studied cavities from the Onaping intrusion are 
different in that the outer rim is composed of K-feldspar only (see Chapter 2, Fig. 2.3b). 
 
The inner portion of the cavities is typically filled with medium to coarse grained sub- to 
euhedral blocky epidote with colourless to yellow/green pleochroism and second order 
purple to blue and third order orange to light green birefringence (Fig. A2a,c). Some 
blocky epidote crystals are optically zoned (Fig. A2d). In backscatter electron images, 
darker-grey domains have lower molar Fe/Fe+Al ratios (0.24 to 0.25) compared to light-
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grey domains (0.33 to 0.37) (Fig. A2e). The darker-grey domains represent the part of the 
crystals with colourless to pale-yellow pleochroism (and second order purple to blue 
birefringence)(Fig. A2e), whereas the light-grey domains display a darker-yellow/green 
pleochroism (and third order orange to light green birefringence)( Fig. A2e). In the 
blocky crystals, the intergrowth of the different epidote phases generally has an irregular 
and complex pattern, but in some cases a concentric distribution is observed, indicating 
that the zonation represents a primary growth feature (Fig. A2d). However, in most cases 
the epidote intergrowth is patchy and irregularly distributed without concentric zoning.  
 
Sub-to euhedral quartz is commonly present in the cavities (Fig. A2c). Epidote and quartz 
are intergrown with lesser proportions of hornblende, biotite, accessory REE-rich epidote 
and chlorite. Chlorite replaces hornblende, biotite, the REE-rich epidote (Fig. A2f), and 
locally, the blocky epidote. The REE-rich epidote may be zoned, and in addition to 
replacement by chlorite, can be replaced and veined by allanite (Fig. A2f). REE-rich 
epidote with similar textures is observed in veins and interstitial miarolitic cavities. 
Allanite only occurs as a vein and replacement phase within the confines of the REE-rich 
epidote crystals. The REE-rich epidote can be overgrown by the main blocky epidote 
(Fig. A2f). A second type of epidote with colourless to pale-yellow or grey pleochroism 
(matrix epidote) was observed in one miarolitic cavity, where it encloses and locally 
replaces the blocky epidote (Fig. A2g). A more common type of late, replacement epidote 
is also colourless to pale-yellow and of lower birefringence than the blocky epidote (Fig. 
A2h).  Textural evidence for the late stage character of this type of replacement include: 
1) a discordant, patchy and irregular distribution with respect to the crystal boundaries of 
the early blocky epidote (Fig. A2i); 2) its presence as rims on, and along fractures in, the 
early blocky epidote (Figs. A2i,j); and 3) the rounded character of the contact between the 
early and late phases (Figs. A2h, i). Generally, this replacement epidote occurs in cavities 
that are associated with zones of K-feldspar alteration in the surrounding rocks.  
 
Some cavities in the granophyre are different in that they are dominantly filled with either 
chlorite aggregates with lesser biotite (Fig. A2k), or with massive aggregates of K-
feldspar (Fig. A2l). Cavities filled with K-feldspar can be surrounded by a discontinuous 
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rim of quartz and a fine-grained epidote-chlorite intergrowth (Fig. A2l). Traces of pyrite 
and chalcopyrite can also be present either within the cavities or as a replacement of the 
feldspars in the outer graphic quartz-K-feldspar-albite rim. In some cases, textures 
suggest that epidote postdates the sulphide, but inclusions of epidote in the sulphide and 
epidote crystals partially embayed by sulphides suggest the opposite. 
 
A subtype of smaller miarolitic cavity (mm in size) occurs interstitially to quartz and 
feldspar aggregates in the granophyre (Fig. A2m), and is texturally similar to those 
described by Candela and Blevin (1995). The epidote filling these interstitial miarolitic 
cavities is in general sub- to anhedral and. Two distinct types of epidote are present: an 
early colourless to pale-yellow variety that is overprinted by a darker yellow/green 
epidote. Both of these phases are also present in nearby epidote veins. In addition, REE-
rich epidote can also be found as an accessory phase in the interstitial miarolitic cavities 
(Fig. A2m), along with minor amounts of chlorite, pyrite, hematite and fine-grained 
biotite. 
 
Hydrothermal veins 
 
Veins (mm to cm thick) with a similar mineralogy to the cavities are present throughout 
the quartz gabbro, granophyre and Onaping Intrusion. The dominant mineral in the veins 
is fine- to coarse-grained and anhedral to euhedral epidote, intergrown with quartz and K-
feldspar. Some veins have a chlorite alteration halo (Fig. 2.4f). Two types of epidote are 
also observed in the veins: a colourless to pale yellow epidote, and an anhedral to 
subhedral yellow/green epidote that postdates the colorless epdiote (Fig. A2n). REE-rich 
epidote also occurs as an accessory phase in the veins (Fig. 3.3g and h). This REE-rich 
epidote can also be zoned and display complex textural relations with other minerals, 
including: replacement by chlorite; replacement by allanite preferentially along growth 
zones; cut by discordant allanite veinlets which do not extend outside the REE-rich 
epidote; and crosscut by the colourless and yellow/green epidote (Fig. A2n).  
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Fig. A2. Common textures found in miarolitic cavities from the Sudbury structure: 
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(a) Edge of miarolitic cavity filled with tabular epidote aggregates. Note the transition 
from only albite (Ab) at the edge of the cavity to graphic quartz-albite intergrowth 
towards the host rock. The inset in the lower left corner is an X-ray map (Na=green, 
Si=yellow) of the transition from albite to quartz-albite intergrowth. The upper dashed 
rectangle encloses the crystal displayed in Fig. 2.6b. Sample 01-AV-491. Host rock: 
Granophyre, North Range. (b) Granophyre-hosted miarolitic cavity filled with K-feldspar 
and with a discontinuous rim of quartz (Qtz)-chlorite (Chl)-epidote (Ep) at the edge of the 
cavity, sample Sud-016. (c) Miarolitic cavity filled with epidote and quartz in subequal 
proportions. Note that epidote partially replaces albite at the edge of the miarolitic cavity. 
Sample: Sud-018. Host rock: granophyre, South Range. (d) Cross polarized image of part 
of the epidote crystal enclosed by the dashed rectangle in Figure A2a, showing growth 
related zonation and overall complex zonation pattern. (e) BSE image of the same epidote 
crystal in Figure A2d showing the irregular zonation pattern and  variable Fe/Fe+Al 
ratios. The light grey domains are in general characterized by higher Fe/Fe+Al ratios and 
the dark grey domain by relatively lower Fe/Fe+Al ratios. (f) Subhedral epidote 
overgrowing a REE-rich epidote crystal in a miarolitic cavity in a pegmatite pod hosted 
by the Quartz gabbro. The REE-rich epidote crystal has been replaced by chlorite 
preferentially in the core. The inset in the lower left corner is a BSE image of the same 
REE-rich epidote crystal showing the presence of thorite (Tho) inclusions asosociated 
with the chlorite replacment, and allanite veinlets and replacement along growth zones. 
Sample Sud-021. (g)  Two textural types of epidote found in a miarolitic cavity hosted by 
the granophyre in the North range. Early blocky epidote crystals are replaced and 
enclosed by a late matrix epidote (Sample 01-AV-491). (h) Miarolitic blocky 
yellow/green epidote overprinted by a late colorless replacement epidote  in a miarolitic 
cavity from the quartz gabbro. Note the rounded character of the contact between the two 
epidote phases. Sample Sud-010, North Range.  
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Fig. A2. Cnt’d 
(i) Miarolitic blocky epidote overprinted by a late replacement epidote which display a 
complex zonation pattern within the blocky epidote crystal. The replacement epidote is 
characterized by a lower birefringence (first order yellow) compared to early blocky 
epidote wich display second order blue/purple birefringence. Note the discordant 
character and rounded nature of the contact between the replacement epidote and the host 
blocky epidote, and also the presence of replacement epdiote along fractures and crystal 
boundaries. Sample Sud-086. Host rock: quartz gabbro. (j) Epidote replacement 
characterized by a first order yellow to orange birefringence postdating earlier formed 
miarolitic blocky epidote with second order purple to blue birefringence in a miarolitic 
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cavity from a pegmatite pod. Note the discordant character of the epidote replacement. 
Sample: Sud-021. Hosted by the quartz gabbro from the south range. (k) Miarolitic cavity 
filled with chlorite and lesser biotite mainly at the edge of the cavity. Sample 01-AV-481, 
hosted by the granophyre in the North Range (l) Miarolitic cavity with a discontinuous 
rim of quartz (Qtz)-chlorite(Chl)-epidote (Ep) and filled mainly with K-feldspar, hosted 
by the granophyre in the North Range. Sample Sud-016. (m) Interstitial miarolitic cavity 
filled dominantly with sub- to anhedral colorless and yellow/green epidote, and lesser 
REE-rich epidote and pyrite (Py). The inset shows detailed textural relations between the 
REE-rich epidote and pyrite and alteration minerals. Hematite replaces pyrite and chlorite 
replaces the REE-rich epidote. Sample: 01-AV-436i. Host rock: Granophyre. (n) Epidote 
vein in which accessory REE-rich epidote is post-dated by the colorless and yellow/green 
epidote. The colorless is also vein and replaced by the yellow/green epidote phase. 
Epidote fills open spaces (i.e. interstitial miarolitic cavities) adjacent to this vein and 
which contain the same epidote phases (see Fig. A2m). Sample: 01-AV-436. Host rock: 
Granophyre. 
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Appendix 3. Fluid inclusion microthermoetric data for the quartz-grabbro hosted 
epidote/quartz vein.  
 
Note: Due to the small size of the inclusions (mainly 2 to 10 µm), it was not always 
possible to determine the ice meting temperature. All the measured inclusions were 
primary (p) inclusions found in growth zones of quartz crystals that coprecipitated with 
epidote. 
  
Inclusion Wt %
type (NaCl +CaCl2)
crystal 1 Epidote zone p 196.5 0.1
crystal 1 Epidote zone p 187.4 0.1
crystal 1 Epidote zone p 158.9 ‐24.5 23.5
crystal 1 Epidote zone p 167.2 0.1
crystal 1 epidote zone p 210.3 ‐24.5 23.5
crystal 1 Epidote zone p 202.8 ‐24.5 23.5
crystal 1 Epidote zone p 193.5 ‐12 16.0
crystal 1 Epidote zone p 182.1 ‐14.6 18.1
crystal 1 Epidote zone p 193.3 ‐23 22.9
crystal 1 Epidote zone p 209.4 ‐23 22.9
crystal 1 transition zone p 176.4 ‐23.8 23.2
Sud‐053 crystal 1 outer core p 191 ‐23.8 23.2
crystal 1 outer core p 207.1 ‐23.8 23.2
crystal 1 outer core p 180.5 ‐23.8 23.2
crystal 1 outer core p 171 ‐23.8 23.2
crystal 1 outer core p 175.2 ‐23.8 23.2
crystal 1 outer core p 181.8 ‐23.8 23.2
crystal 1 outer core p 191.2 ‐23.8 23.2
crystal 1 outer core p 178.7 ‐23.8 23.2
crystal 1 inner core p 180.5 ‐24.1 23.3
crystal 1 inner core p 181.6 ‐24.1 23.3
crystal 1 inner core p 188.9 ‐23.9 23.3
crystal 1 inner core p 190.2 ‐23.6 23.1
Th(L=V → L) Tm(ice)Sample # Crystal # Zone
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Appendix 4. Epidote trace element data determined by LA-ICP-MS. 
 
  
Sample # 06-AV-54A 06-AV-54A 06-AV-54A 07-AV-01 07-AV-01 07-AV-01 07-AV-01 07-AV-01 07-AV-01
Crystal # 1 1b 1b 2a 2a 2a 2a 2a 2b
Host unit FWBx FWBx FWBx FWBx FWBx FWBx FWBx FWBx FWBx
Location NR NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC MC
Ep Type FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep
Ni (ppm) 13.0 2.8 2.9 2.9 4.1 2.8 2.3
Cu (ppm) 1977 30 148 1.2 0.3 1.2 1.1 1.4 1.4
Zn (ppm) 7.4 2.6 3.5 1.4 1.2 0.3 1.1 1.8
Rb (ppm) 0.5 0.1 1.2 2.0 0.2 0.4 0.6 0.6
Sr (ppm) 2976 3229 4849 727 4293 8396 2875 268 8625
Y (ppm) 153.6 152.5 134.7 25.5 52.5 16.9 42.6 28.7 41.4
Ba (ppm) 4.1 5.1 10.9 1.2 0.9 1.6 0.4 0.5 1.6
La (ppm) 775.2 620.2 64.1 49.3 17.5 67.4 12.0 37.9 37.8
Ce (ppm) 860.1 124.1 6.2 29.6 69.0 23.0 58.5 63.2
Pr (ppm) 163.7 100.9 14.8 5.9 3.7 6.6 2.7 7.2 7.6
Nd (ppm) 625.2 395.3 63.2 21.6 15.3 24.4 1.1 24.4 3.4
Sm (ppm) 99.5 65.8 13.1 3.7 4.0 4.9 2.7 4.8 6.3
Eu (ppm) 22.6 32.8 19.3 5.5 2.7 6.3 2.2 3.9 4.3
Gd (ppm) 65.5 55.3 13.3 4.3 4.1 3.3 3.1 3.5 5.9
Tb (ppm) 8.6 7.1 2.7 0.6 0.8 0.5 0.7 0.6 0.9
Dy (ppm) 36.7 36.9 18.5 3.6 7.3 2.7 5.5 4.4 6.4
Ho (ppm) 6.4 6.0 3.7 0.9 1.9 0.6 1.4 1.0 1.4
Er (ppm) 11.3 12.6 9.9 2.3 4.5 1.4 3.8 2.5 3.7
Tm (ppm) 1.2 1.4 1.0 0.3 0.6 0.1 0.3 0.4 0.4
Yb (ppm) 7.9 6.6 5.0 1.6 2.8 1.2 1.7 2.9 2.3
Lu (ppm) 0.9 1.1 0.5 0.3 0.2 0.5 0.8 0.5 0.2
Pb (ppm) 50.0 29.2 11.7 3.9 4.5 2.6 2.7 2.5 8.4
Th (ppm) 6.5 2.2 3.1 0.3 0.6 0.6 0.5
U (ppm) 6.0 4.8 0.7 3.2 4.1 1.2 2.6 3.1 8.1
∑REE 3242 2202 353 160 95 187 68 152 18
(La/Lu)C N 93.4 57.4 14.0 2.8 1.5 132.7 14.9 8.3 2.7
Eu/Eu* 0.8 1.6 4.4 4.2 2.2 5.2 2.3 2.7 2.2
(Y/Dy)C N 0.7 0.7 1.1 1.1 1.1 1.0 1.2 1.0 1.0
Sample # 07-AV-01 07-AV-01 07-AV-01 07-AV-01 07-AV-01 Sud-009 Sud-009 Sud-009 Sud-009
Crystal # 2b 2b 2b 3 3 2 2 2 2
Host unit FWBx FWBx FWBx FWBx FWBx QG QG QG QG
Location NR NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC vein vein vein vein
Ep Type FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep FWBx-Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Ni (ppm) 3.0 3.3 2.2 2.5 1.7 2.3 3.8 4.0 12.6
Cu (ppm) 2.4 2.2 0.5 2.1 1.3 3.2 4.6 1.5 2.2
Zn (ppm) 0.8 1.8 1.6 1.3 1.2 8.2 8.5 5.6 5.4
Rb (ppm) 0.7 0.4 0.3 0.3 0.1 0.1 0.0 0.0 0.0
Sr (ppm) 6151 782 847 6656 65 564 510 642 574
Y (ppm) 25.0 27.9 28.9 15.2 21.7 3.5 18.5 4.4 6.9
Ba (ppm) 3.2 1.4 3.1 1.4 2.6 1.0 0.6 1.0 0.7
La (ppm) 134.6 116.9 34.2 133.3 268.2 6.1 16.6 5.6 13.7
Ce (ppm) 128.4 153.2 61.8 166.3 358.6 8.8 30.4 9.0 21.3
Pr (ppm) 1.2 14.9 6.6 17.4 34.2 1.1 4.2 1.2 2.7
Nd (ppm) 33.8 54.9 22.8 55.2 116.9 4.8 17.3 5.5 10.3
Sm (ppm) 4.2 8.1 4.8 9.0 16.8 0.8 5.0 0.8 2.1
Eu (ppm) 1.1 7.8 4.9 8.5 1.9 1.5 2.3 1.7 1.4
Gd (ppm) 3.9 5.1 3.5 5.5 9.2 0.5 3.8 0.8 1.5
Tb (ppm) 0.6 0.7 0.7 0.6 1.1 0.1 0.7 0.2 0.2
Dy (ppm) 3.5 4.9 4.6 2.7 5.2 0.7 4.2 0.8 1.3
Ho (ppm) 0.9 2.0 1.4 0.5 0.8 0.1 0.7 0.2 0.3
Er (ppm) 2.4 2.5 2.9 1.7 1.5 0.4 1.8 0.4 0.8
Tm (ppm) 0.3 0.3 0.4 0.9 0.1 0.1 0.2 0.1 0.1
Yb (ppm) 1.9 2.7 2.4 0.7 0.7 0.3 1.4 0.5 0.8
Lu (ppm) 0.1 0.3 0.2 0.6 0.9 0.1 0.1 0.1 0.1
Pb (ppm) 8.8 3.8 4.7 3.7 3.4 2.1 2.7 0.4 1.5
Th (ppm) 0.4 0.4 0.7 1.5 0.0 0.0 0.0
U (ppm) 3.9 5.0 6.0 1.5 2.0 0.2 0.2 0.2 0.2
∑REE 335 373 16 4 825 25 89 27 56
(La/Lu)C N 111.8 58.8 15.4 23.7 34.9 12.0 14.8 12.7 19.2
Eu/Eu* 7.6 3.1 3.5 3.4 2.5 6.9 1.5 6.2 2.3
(Y/Dy)C N 1.1 0.9 1.0 0.9 0.7 0.8 0.7 0.9 0.8
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Appendix 4. (Cont’d). 
 
 
Sample # Sud-009 Sud-009 Sud-009 Sud-009 Sud-009 Sud-009 Sud-009 Sud-009 Sud-009 Sud-009
Crystal # 2 2 2 2 4 4 4 4 4 4
Host unit QG QG QG QG QG QG QG QG QG QG
Location NR NR NR NR NR NR NR NR NR NR
Feature vein vein vein vein vein vein vein vein vein vein
Ep Type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Ni (ppm) 3.5 1.2 13.4 1.9 0.9 5.6 2.8 1.6 1.2 1.2
Cu (ppm) 1.3 0.7 5.1 1.9 28.4 1.4 2.8 1.0 69.9 2.8
Zn (ppm) 4.8 1.9 22.7 3.8 12.4 2.7 3.5 1.6 34.6 2.2
Rb (ppm) 0.0 0.1 0.1 0.1 0.1 0.1 0.1
Sr (ppm) 489 533 656 2932 1390 850 1321 4387 1611 4284
Y (ppm) 22.7 22.5 6.8 4.8 15.3 8.2 20.2 7.3 27.6 8.4
Ba (ppm) 0.2 0.3 1.5 8.5 1.5 0.9 4.0 12.3 1.6 14.0
La (ppm) 9.8 13.3 11.6 6.0 15.4 15.0 7.2 6.3 27.9 6.6
Ce (ppm) 21.4 27.3 19.3 8.0 28.7 23.8 15.0 10.1 56.2 10.9
Pr (ppm) 3.0 4.1 2.3 1.0 3.9 2.5 2.2 1.4 7.2 1.6
Nd (ppm) 13.0 15.5 9.2 3.4 15.6 9.2 10.3 5.5 30.8 6.2
Sm (ppm) 4.1 4.4 1.3 0.5 3.4 1.7 2.9 1.6 7.0 1.5
Eu (ppm) 2.0 3.8 1.5 1.8 2.1 1.4 1.8 1.8 2.7 2.1
Gd (ppm) 4.0 3.9 1.2 0.6 3.1 1.5 2.7 1.1 5.4 1.1
Tb (ppm) 0.7 0.9 0.2 0.1 0.5 0.3 0.5 0.2 0.8 0.2
Dy (ppm) 4.8 5.0 1.5 0.8 3.1 1.3 3.4 1.3 5.4 1.5
Ho (ppm) 0.9 1.0 0.3 0.2 0.6 0.3 0.8 0.2 1.2 0.3
Er (ppm) 2.0 2.4 0.6 0.5 1.8 1.0 2.6 0.6 2.8 1.3
Tm (ppm) 0.2 0.3 0.1 0.1 0.2 0.1 0.4 0.1 0.5 0.1
Yb (ppm) 1.7 1.7 0.5 1.1 1.8 1.1 3.3 0.8 3.5 1.2
Lu (ppm) 0.2 0.2 0.1 0.1 0.2 0.2 0.5 0.1 0.4 0.1
Pb (ppm) 1.2 0.3 2.7 0.6 1.4 0.7 0.4 0.4 0.7 0.5
Th (ppm) 0.1 0.0 0.3 0.2 0.2 0.1 0.6 0.1
U (ppm) 0.3 0.9 0.2 0.5 0.4 0.2 0.3 0.2 0.6 0.2
∑REE 68 84 50 24 81 59 54 31 152 35
(La/Lu)C N 4.9 6.0 16.8 5.3 7.4 7.8 1.5 6.3 6.7 5.3
Eu/Eu* 1.5 2.7 3.4 9.8 1.9 2.6 1.9 4.0 1.3 4.7
(Y/Dy)C N 0.7 0.7 0.7 1.0 0.8 1.0 0.9 0.9 0.8 0.9
Sample # Sud-010 Sud-010 Sud-010 Sud-010 Sud-010 Sud-010 Sud-010 Sud-010 Sud-010 Sud-010
Crystal # 2 2 2 2 2 2 5 5 5 5
Host unit QG QG QG QG QG QG QG QG QG QG
Location NR NR NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC MC MC
Ep Type Blocky Ep Blocky Ep Rep. Ep Blocky Ep Blocky Ep Blocky Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Ni (ppm) 0.1 0.4 0.1 0.2
Cu (ppm) 0.6 0.7 0.6 0.4 0.2 0.3 4.1 0.4 7.0 10.3
Zn (ppm) 2.0 1.9 1.1 1.9 3.1 2.3 1.9 1.5 2.0 2.4
Rb (ppm) 0.0 0.2 0.2 0.1
Sr (ppm) 1321 1582 1110 2591 1229 1659 2367 5415 6289 9823
Y (ppm) 3.6 3.7 6.0 2.6 6.0 2.8 12.1 12.2 12.3 16.5
Ba (ppm) 2.7 0.5 0.5 2.4 3.2 1.5 1.0 3.5 2.7 7.4
La (ppm) 6.1 6.2 26.4 6.8 9.5 6.8 41.6 19.2 116.2 155.5
Ce (ppm) 6.8 7.2 29.7 7.3 12.2 7.5 50.7 16.8 113.1 164.4
Pr (ppm) 0.8 0.8 2.9 0.9 1.3 0.9 6.9 2.0 12.9 17.7
Nd (ppm) 3.1 3.2 9.5 3.2 4.8 4.1 26.8 8.5 54.8 58.2
Sm (ppm) 0.3 0.6 1.7 0.6 0.9 0.3 3.2 2.1 7.7 7.9
Eu (ppm) 6.5 7.8 10.6 6.3 10.2 6.5 4.2 5.3 18.9 24.9
Gd (ppm) 0.5 0.6 1.2 0.4 0.7 0.5 3.5 2.0 5.5 5.9
Tb (ppm) 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2 0.8 0.7
Dy (ppm) 0.4 0.7 0.8 0.4 1.1 0.4 1.9 1.9 2.9 2.5
Ho (ppm) 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.4 0.3 0.5
Er (ppm) 0.4 0.4 0.8 0.4 0.7 0.4 0.7 0.2 0.7 1.2
Tm (ppm) 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1
Yb (ppm) 0.8 0.8 1.1 0.3 0.9 0.4 0.5 0.4 0.5
Lu (ppm) 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.0
Pb (ppm) 3.2 3.6 2.4 4.5 3.7 4.0 3.4 3.7 7.8 8.5
Th (ppm) 1.7 2.0 1.4 1.2 1.7 1.1 0.0 0.0 0.0
U (ppm) 1.4 3.4 5.9 1.5 6.9 1.0 1.9 1.5 2.3 2.1
∑REE 26 29 85 27 43 28 140 59 334 440
(La/Lu)C N 4.0 7.1 23.4 12.2 11.3 10.3 168.3 20.4 174.8 505.7
Eu/Eu* 48.2 37.5 22.1 38.3 38.4 50.1 3.8 7.8 8.5 10.6
(Y/Dy)C N 1.3 0.8 1.2 1.0 0.9 1.2 1.0 1.0 0.7 1.0
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Appendix 4. (Cont’d). 
 
 
  
Sample # Sud-010 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021
Crystal # 5 1 1 1 1 1 1 2 2 2 2
Host unit QG QG QG QG QG QG QG QG QG QG QG
Location NR SR SR SR SR SR SR SR SR SR SR
Feature MC MC MC MC MC MC MC MC MC MC MC
Ep Type Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Ni (ppm) 1.8 0.1 0.2 0.4 0.1 6.2 13.0 7.1 1.8
Cu (ppm) 3.4 0.4 0.3 0.1 0.1 0.3 0.5 1.0 3.2 1.1 2.3
Zn (ppm) 1.1 1.0 1.4 0.7 0.4 0.6 1.0 3.6 2.9 2.9 2.0
Rb (ppm) 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1
Sr (ppm) 6904 983 1691 1426 1253 4823 5423 5822 3867 3438 3541
Y (ppm) 13.7 41.4 41.7 42.9 44.8 37.3 34.5 25.4 53.6 80.3 89.9
Ba (ppm) 4.1 1.1 1.2 0.1 0.8 1.2 0.9 2.2 3.1 1.3 0.8
La (ppm) 168.7 24.7 29.1 62.0 20.8 52.5 97.8 150.1 463.2 227.4 249.6
Ce (ppm) 225.3 39.1 43.8 96.0 38.3 64.1 126.5 209.3 658.9 304.3 307.9
Pr (ppm) 23.9 5.6 6.0 12.0 5.6 8.2 15.5 25.3 73.9 38.2 40.1
Nd (ppm) 82.5 28.3 32.4 52.6 29.8 41.7 68.4 97.0 285.2 172.4 183.6
Sm (ppm) 6.7 8.2 8.0 11.5 8.2 9.3 13.9 15.6 41.7 36.6 39.8
Eu (ppm) 4.0 9.1 10.1 9.6 9.0 13.8 15.2 20.1 25.7 60.4 69.0
Gd (ppm) 2.6 7.0 7.3 8.8 8.3 7.5 9.6 10.6 22.2 30.4 32.9
Tb (ppm) 0.4 1.2 1.3 1.6 1.5 1.2 1.3 1.4 2.6 4.2 4.8
Dy (ppm) 2.5 8.4 7.9 8.7 8.2 6.7 7.0 6.3 12.9 20.9 25.3
Ho (ppm) 0.4 1.6 1.6 1.6 1.7 1.4 1.3 1.0 2.5 3.3 3.8
Er (ppm) 0.5 3.3 3.3 4.0 4.5 3.1 2.7 1.3 4.4 6.3 6.9
Tm (ppm) 0.1 0.4 0.4 0.4 0.6 0.3 0.4 0.2 0.6 0.4 0.3
Yb (ppm) 0.6 2.1 2.9 2.2 3.4 1.7 2.3 0.8 2.2 1.4 1.2
Lu (ppm) 0.1 0.2 0.3 0.3 0.3 0.2 0.3 0.1 0.2 0.2 0.1
Pb (ppm) 4.3 1.4 1.9 1.5 1.8 2.9 3.7 6.1 8.8 8.2 7.7
Th (ppm) 0.8 0.8 1.1 0.9 2.7 2.9 0.5 0.2 0.2 0.1
U (ppm) 0.6 5.5 6.0 6.3 6.3 6.1 5.1 6.5 17.5 32.6 32.4
∑REE 518 139 154 271 140 212 362 539 1596 906 965
(La/Lu)C N 342.6 11.6 9.6 24.2 6.3 27.4 33.1 220.5 231.2 124.1 254.3
Eu/Eu* 2.4 3.6 4.0 2.8 3.3 4.9 3.8 4.5 2.3 5.4 5.7
(Y/Dy)C N 0.9 0.8 0.8 0.8 0.9 0.9 0.8 0.6 0.7 0.6 0.6
Sample # Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 Sud-021 01-AV-436i
Crystal # 2 2 3 3 3 3 3 3 3 3 3
Host unit QG QG QG QG QG QG QG QG QG QG G
Location SR SR SR SR SR SR SR SR SR SR NR
Feature MC MC MC MC MC MC MC MC MC MC IMC
Ep Type Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Yellow Ep
Ni (ppm) 2.7 3.7 0.8 0.8 0.5 0.4 3.1 1.2 2.7
Cu (ppm) 2.1 0.8 1.6 0.6 1.4 0.9 3.0 0.4
Zn (ppm) 2.3 2.7 2.6 5.7 4.0 3.1 2.2 2.2 2.6 8.0 5.2
Rb (ppm) 0.1 0.2 0.0 0.4 0.1 0.2 0.7 0.1 0.2 0.2
Sr (ppm) 3287 5954 5043 1400 875 2114 1282 2690 713 857 530
Y (ppm) 48.9 26.9 46.0 36.8 72.6 43.3 49.8 47.3 128.3 128.3 26.7
Ba (ppm) 1.8 2.7 6.8 3.2 2.8 5.6 2.8 2.3 1.1 9.7 22.2
La (ppm) 204.1 129.1 56.2 24.6 54.5 70.1 73.6 55.9 67.4 197.2 2.1
Ce (ppm) 286.6 154.7 92.4 44.4 80.4 114.2 124.5 82.2 100.3 279.8 3.5
Pr (ppm) 32.9 18.7 11.2 5.6 10.7 14.2 15.7 10.3 12.5 34.3 0.8
Nd (ppm) 137.9 80.8 40.9 25.3 45.8 52.7 60.2 43.9 56.5 143.2 2.4
Sm (ppm) 22.4 14.7 9.3 5.4 10.5 9.9 11.4 8.5 12.4 23.4 0.9
Eu (ppm) 23.7 19.4 8.0 5.8 11.7 8.0 8.2 9.3 16.7 15.2 1.8
Gd (ppm) 16.7 10.5 7.8 5.9 10.9 8.1 6.8 7.0 13.0 17.4 1.2
Tb (ppm) 2.2 1.6 1.1 0.9 1.7 1.2 1.1 1.0 2.0 2.4 0.2
Dy (ppm) 12.8 7.1 6.7 5.7 11.0 8.7 7.8 8.2 13.8 13.8 2.7
Ho (ppm) 2.1 1.1 1.3 1.1 1.9 1.6 1.7 1.2 3.2 3.5 0.9
Er (ppm) 4.6 2.2 4.1 4.1 5.6 3.8 4.3 4.5 11.2 10.8 2.9
Tm (ppm) 0.5 0.1 0.8 0.5 0.9 0.6 0.8 0.6 1.6 1.7 0.5
Yb (ppm) 1.5 0.5 5.8 4.8 8.7 4.8 5.2 5.3 13.6 12.6 0.7
Lu (ppm) 0.2 0.1 0.8 0.7 1.1 0.7 1.0 0.6 1.9 1.7 0.3
Pb (ppm) 8.7 6.2 18.1 12.3 5.9 11.7 10.3 16.1 3.5 6.4 14.8
Th (ppm) 0.1 0.5 0.1 0.0 0.1 0.2 0.3 0.1 0.2 3.4 0.0
U (ppm) 18.0 5.3 11.0 7.6 6.2 9.1 6.9 8.9 4.6 3.2 4.7
∑REE 748 441 246 135 255 298 322 238 326 757 21
(La/Lu)C N 126.0 202.4 7.1 3.8 5.2 10.2 7.4 9.3 3.7 12.3 0.9
Eu/Eu* 3.6 4.5 2.8 3.1 3.3 2.6 2.6 3.6 4.0 2.2 5.2
(Y/Dy)C N 0.6 0.6 1.1 1.0 1.0 0.8 1.0 0.9 1.5 1.5 1.6
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Sample # 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i
Crystal # 3 3 3 3 3 4 4 5
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature IMC IMC IMC IMC IMC IMC IMC IMC
Ep Type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep REE Ep REE Ep REE Ep
Ni (ppm) 2.6 1.1 0.7 2.4 2.6 3.7
Cu (ppm) 0.0 0.1 0.7 2.6 2.1 11.2 4.6 14.4
Zn (ppm) 6.8 6.9 7.5 4.5 7.3 25.2 11.7 24.7
Rb (ppm) 0.4 0.8 0.8 2.0
Sr (ppm) 593 475 562 525 496 3691 150 2572
Y (ppm) 43.6 45.0 39.1 29.4 32.3 17.3 468.6 17.9
Ba (ppm) 29.5 22.7 28.3 25.6 23.3 36.6 8.7 28.5
La (ppm) 1.6 2.1 1.2 1.2 7.3 785.1 438.5 1554.1
Ce (ppm) 3.1 2.8 2.4 1.9 12.5 185.2 1619.4 2728.8
Pr (ppm) 0.4 0.3 0.3 0.2 1.4 127.2 138.4 178.5
Nd (ppm) 1.8 2.3 2.5 1.4 4.7 54.0 57.6 59.9
Sm (ppm) 0.9 0.9 1.0 0.4 1.2 86.7 131.6 88.1
Eu (ppm) 2.2 2.2 2.5 1.7 1.8 44.7 40.0 51.2
Gd (ppm) 3.2 2.6 0.9 1.1 1.4 56.6 95.6 54.9
Tb (ppm) 0.5 0.6 0.4 0.3 0.4 8.0 15.5 7.4
Dy (ppm) 5.3 4.6 3.1 4.3 4.3 39.1 89.4 36.6
Ho (ppm) 1.2 1.1 1.2 0.9 0.7 7.3 16.7 7.2
Er (ppm) 3.2 3.9 3.4 2.1 2.2 15.4 47.8 16.0
Tm (ppm) 0.5 0.4 0.5 0.3 0.5 1.9 6.7 1.8
Yb (ppm) 2.8 3.1 2.3 1.9 2.3 11.3 46.5 13.3
Lu (ppm) 0.5 0.5 0.3 0.2 0.2 1.5 5.9 1.7
Pb (ppm) 17.5 15.3 17.1 18.7 16.5 18.2 13.3 18.9
Th (ppm) 1.2 0.5 2.1 0.4 1.1 4.5 26.0 64.1
U (ppm) 7.6 6.5 6.5 6.7 5.6 15.9 12.4 16.8
∑REE 27 28 22 18 41 3493 3262 5330
(La/Lu)C N 0.4 0.5 0.4 0.6 3.6 54.5 7.8 95.9
Eu/Eu* 3.5 3.9 8.4 7.9 4.1 1.8 1.4 2.9
(Y/Dy)C N 1.3 1.5 2.0 1.1 1.2 0.1 0.8 0.1
Sample # 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436i 01-AV-436v
Crystal # 5 5 5 6 6 6 6 1
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature IMC IMC IMC IMC IMC IMC IMC vein
Ep Type REE Ep REE Ep REE Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Ni (ppm) 3.5 3.8 3.8 0.4 2.0 1.2 1.2 1.7
Cu (ppm) 7.4 18.1 19.4 1.7 2.1 1.5 1.5 1.4
Zn (ppm) 12.2 31.2 35.2 6.2 3.6 6.3 9.2 4.8
Rb (ppm) 0.8 2.5 2.8 0.5 0.3 0.4 0.2 0.1
Sr (ppm) 2598 2557 350 52 3242 519 132 687
Y (ppm) 87.7 213.1 242.8 3.7 62.2 23.6 35.7 14.9
Ba (ppm) 48.4 18.3 35.5 52.6 66.2 52.7 78.5 18.2
La (ppm) 446.2 2132.9 1497.6 26.4 3.8 25.4 24.9 23.4
Ce (ppm) 989.9 3637.2 3242.2 53.6 76.8 51.8 64.0 33.3
Pr (ppm) 7.7 234.8 21.5 5.8 10.0 6.6 8.3 3.4
Nd (ppm) 247.2 77.4 755.4 24.7 46.8 23.0 33.9 13.6
Sm (ppm) 37.8 114.4 122.3 6.0 11.2 4.8 7.4 2.0
Eu (ppm) 26.4 64.2 42.5 2.3 6.9 1.8 3.9 0.7
Gd (ppm) 24.3 7.9 76.6 5.8 9.8 4.7 6.5 1.8
Tb (ppm) 3.2 9.6 1.5 0.9 1.9 0.7 1.1 0.2
Dy (ppm) 17.6 46.8 53.8 6.5 12.7 4.7 6.8 1.8
Ho (ppm) 3.2 9.1 9.8 1.1 2.6 1.0 1.3 0.4
Er (ppm) 7.7 19.1 21.5 2.4 5.6 2.2 2.9 1.3
Tm (ppm) 1.1 2.2 2.9 0.4 0.7 0.4 0.5 0.2
Yb (ppm) 7.8 16.2 2.2 1.9 4.8 1.9 3.5 1.4
Lu (ppm) 0.9 2.1 2.5 0.2 0.6 0.2 0.5 0.1
Pb (ppm) 13.3 21.7 32.0 1.8 13.8 1.5 17.0 18.0
Th (ppm) 28.3 82.9 16.9 2.2 5.6 1.9 2.7 4.9
U (ppm) 7.5 21.7 19.3 6.7 9.8 5.2 6.6 1.0
∑REE 1883 7130 658 137 23 128 164 84
(La/Lu)C N 54.5 14.5 62.5 11.8 5.5 13.7 5.7 35.8
Eu/Eu* 2.5 2.2 1.2 1.1 2.0 1.2 1.7 1.2
(Y/Dy)C N 0.8 0.7 0.7 0.1 0.8 0.8 0.8 1.3
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Sample # 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v
Crystal # 1 1 1 1 1 1 2 2
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature vein vein vein vein vein vein vein vein
Ep Type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Ni (ppm) 3.0 0.0 1.9 1.4 0.2
Cu (ppm) 1.9 2.7 1.0 2.9 2.4 1.3 2.7 1.8
Zn (ppm) 4.1 3.6 4.1 4.2 4.3 3.8 1.9 7.9
Rb (ppm) 0.6 0.4 0.4 0.3 0.8 0.7 0.9
Sr (ppm) 411 748 681 632 876 920 2495 3883
Y (ppm) 7.1 13.4 22.0 7.8 14.3 13.5 13.5 45.4
Ba (ppm) 11.7 11.4 3.9 22.6 13.8 30.5 9.0 3.6
La (ppm) 22.9 26.4 83.1 26.1 19.4 12.5 42.5 32.8
Ce (ppm) 34.4 40.1 97.2 42.1 31.8 20.7 59.9 49.5
Pr (ppm) 3.6 4.2 9.5 4.3 3.5 2.3 7.0 5.3
Nd (ppm) 9.6 15.6 31.7 14.6 11.9 7.9 28.2 16.5
Sm (ppm) 1.4 2.5 4.8 1.4 2.0 1.9 4.4 2.2
Eu (ppm) 0.5 0.8 2.8 0.5 0.9 0.6 6.5 8.6
Gd (ppm) 0.7 2.3 3.8 1.2 1.6 1.2 3.8 3.3
Tb (ppm) 0.2 0.4 0.7 0.2 0.3 0.3 0.6 0.6
Dy (ppm) 1.0 2.1 3.8 1.0 1.9 1.5 2.3 4.4
Ho (ppm) 0.2 0.4 0.8 0.3 0.5 0.4 0.6 1.5
Er (ppm) 0.5 1.4 1.6 0.7 1.0 1.0 0.9 4.3
Tm (ppm) 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.5
Yb (ppm) 0.8 0.7 1.2 0.2 1.1 1.2 1.3 3.6
Lu (ppm) 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.3
Pb (ppm) 16.3 17.2 7.9 16.3 18.2 27.6 9.5 7.8
Th (ppm) 2.7 7.0 5.1 3.6 1.8 1.6 0.8 3.0
U (ppm) 0.7 1.3 2.9 1.0 1.1 1.1 0.8 6.0
∑REE 76 97 241 93 76 52 158 133
(La/Lu)C N 35.9 18.8 91.5 37.3 27.4 12.6 22.7 11.4
Eu/Eu* 1.3 1.0 2.0 1.1 1.4 1.0 4.7 9.7
(Y/Dy)C N 1.1 1.0 0.9 1.2 1.2 1.5 0.9 1.6
Sample # 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-436v 01-AV-491 01-AV-491 01-AV-491
Crystal # 2 2 2 2 2 3 3 3
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature vein vein vein vein vein MC MC MC
Ep Type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Blocky Ep Blocky Ep Blocky Ep
Ni (ppm) 0.3 1.9 1.7 1.5 1.1 0.4
Cu (ppm) 1.7 2.0 2.4 1.6 1.0 0.2 0.1 1.0
Zn (ppm) 2.7 3.1 2.2 3.7 2.6 2.9 1.5 1.2
Rb (ppm) 1.4 0.2 0.5 0.1
Sr (ppm) 305 649 1816 410 733 15817 18788 17961
Y (ppm) 1.9 3.8 11.2 3.1 8.2 6.9 6.3 6.3
Ba (ppm) 4.5 14.0 9.0 3.3 5.2 14.2 20.2 20.8
La (ppm) 12.7 14.3 75.0 8.5 12.7 14.7 15.9 11.1
Ce (ppm) 19.6 21.8 105.0 15.0 17.8 7.6 13.4 5.8
Pr (ppm) 2.3 3.0 10.7 1.6 2.2 0.8 1.7 0.6
Nd (ppm) 7.7 12.6 34.1 3.8 7.3 4.7 8.7 2.6
Sm (ppm) 1.0 2.3 4.5 0.7 1.3 0.7 1.0 0.8
Eu (ppm) 0.6 0.4 5.8 0.8 2.1 12.2 12.6 13.8
Gd (ppm) 0.5 1.2 3.2 0.6 0.8 1.3 0.7 1.5
Tb (ppm) 0.1 0.1 0.4 0.1 0.2 0.2 0.2 0.1
Dy (ppm) 0.4 1.0 2.2 0.3 1.1 1.0 0.8 0.7
Ho (ppm) 0.1 0.1 0.4 0.1 0.3 0.1 0.2 0.2
Er (ppm) 0.2 0.2 1.3 0.2 0.7 0.2 0.1 0.4
Tm (ppm) 0.0 0.1 0.1 0.0 0.1 0.0 0.0
Yb (ppm) 0.2 0.1 1.0 0.5 0.8 0.3 0.2 0.1
Lu (ppm) 0.0 0.1 0.2 0.0 0.1 0.0 0.0 0.0
Pb (ppm) 9.9 13.9 10.4 8.4 8.5 4.4 6.6 5.7
Th (ppm) 1.8 1.5 4.8 0.9 1.1 0.1 0.1 0.1
U (ppm) 0.4 0.5 1.3 0.8 1.3 0.2 0.1 0.2
∑REE 45 57 244 32 47 44 55 37
(La/Lu)C N 75.8 18.3 51.8 19.8 15.4 127.9 56.5 32.0
Eu/Eu* 2.3 0.6 4.5 3.7 5.9 39.5 45.0 39.8
(Y/Dy)C N 0.7 0.6 0.8 1.5 1.2 1.1 1.2 1.5
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Sample # 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491
Crystal # 3 3 3 3 4 4 4 4
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC
Ep Type Blocky Ep Blocky Ep Blocky Ep Blocky Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Ni (ppm) 1.0 0.7 0.3 0.3 0.9 0.4
Cu (ppm) 0.6 0.3 3.6 1.0 1.5 1.8
Zn (ppm) 1.7 4.2 1.8 2.2 4.8 2.5 2.4 3.7
Rb (ppm) 0.0 0.3 0.1 0.1
Sr (ppm) 15237 20963 13038 21505 3659 3548 12597 3327
Y (ppm) 7.1 5.9 6.9 5.5 10.3 22.5 37.5 43.1
Ba (ppm) 14.3 18.4 10.2 25.2 0.1 0.6 0.9 0.3
La (ppm) 12.0 14.2 9.2 11.4 104.1 111.5 78.5 183.9
Ce (ppm) 6.5 10.1 6.2 7.8 132.3 133.5 120.8 261.8
Pr (ppm) 0.9 1.0 0.5 0.8 13.6 15.7 14.7 34.5
Nd (ppm) 4.0 4.7 2.8 2.7 44.4 71.2 66.2 131.8
Sm (ppm) 0.6 1.0 0.3 0.6 7.0 14.9 15.3 24.4
Eu (ppm) 12.5 12.1 12.1 14.0 8.6 9.2 7.5 8.6
Gd (ppm) 0.7 1.2 0.6 1.2 5.4 10.5 13.8 22.3
Tb (ppm) 0.1 0.2 0.1 0.2 0.5 1.3 2.0 2.8
Dy (ppm) 0.9 0.8 0.7 0.6 2.8 7.4 10.5 14.1
Ho (ppm) 0.1 0.1 0.1 0.1 0.5 1.1 1.3 1.8
Er (ppm) 0.3 0.2 0.4 0.2 0.6 1.2 2.3 3.6
Tm (ppm) 0.0 0.0 0.1 0.0 0.1 0.2 0.2 0.2
Yb (ppm) 0.2 0.0 0.1 0.2 0.2 0.3 0.7 1.0
Lu (ppm) 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2
Pb (ppm) 4.7 6.4 4.1 7.3 23.4 14.2 13.2 16.6
Th (ppm) 0.1 0.1 0.1 0.0 0.2 0.1 0.2 0.4
U (ppm) 0.2 0.3 0.3 0.3 3.3 7.2 6.1 12.2
∑REE 39 46 33 40 320 378 334 691
(La/Lu)C N 52.6 259.0 25.7 200.1 256.4 95.6 58.9 85.1
Eu/Eu* 60.4 33.3 80.9 48.5 4.1 2.1 1.5 1.1
(Y/Dy)C N 1.2 1.2 1.6 1.5 0.6 0.5 0.6 0.5
Sample # Sud-016 Sud-016 Sud-016 Sud-016 Sud-016 Sud-016 Sud-016 Sud-016
Crystal # 1 1 1 1 1 1 1 2
Host unit G G G G G G G G
Location NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC
Ep Type Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Ni (ppm) 7.5 7.1 1.9 1.9 2.6 3.5 8.6
Cu (ppm) 3.5 9.0 1.9 3.3 2.6 5.2 4.5 2.0
Zn (ppm) 6.6 32.4 10.1 7.6 7.0 2.0 3.8 12.2
Rb (ppm) 1.0 0.8 0.3 0.4 0.5 0.1 0.6
Sr (ppm) 536 2050 303 608 736 511 455 452
Y (ppm) 31.5 111.4 54.8 67.0 51.6 34.1 47.1 73.8
Ba (ppm) 17.0 87.5 4.5 23.9 30.1 5.7 7.2 16.0
La (ppm) 98.8 48.6 4.4 88.2 70.9 12.7 77.7 4.7
Ce (ppm) 153.5 56.7 6.0 119.2 96.1 31.3 120.3 21.7
Pr (ppm) 16.9 7.7 0.7 13.9 12.8 3.8 12.1 1.3
Nd (ppm) 47.6 30.9 7.0 50.0 40.3 11.5 47.4 7.8
Sm (ppm) 6.3 5.5 1.0 7.1 6.1 1.8 4.5 2.3
Eu (ppm) 7.0 18.0 7.1 9.4 8.9 5.7 7.2 4.8
Gd (ppm) 6.3 9.7 4.2 6.1 5.2 2.9 6.5 4.9
Tb (ppm) 1.1 2.0 1.2 1.5 1.0 0.8 1.0 0.8
Dy (ppm) 3.2 12.9 8.6 10.7 7.0 4.0 7.0 9.8
Ho (ppm) 1.0 3.1 1.6 1.5 2.0 1.1 1.2 2.6
Er (ppm) 1.9 6.8 4.3 4.5 3.8 2.4 3.2 9.4
Tm (ppm) 0.2 0.7 0.3 0.6 0.4 0.3 0.4 1.4
Yb (ppm) 1.2 3.8 3.0 2.8 0.9 1.3 1.9 9.4
Lu (ppm) 0.3 0.3 0.2 0.3 0.4 0.2 0.4 1.4
Pb (ppm) 47.6 74.4 10.7 44.2 61.8 61.6 43.5 37.7
Th (ppm) 3.1 2.6 0.6 2.1 0.5 1.2 1.0
U (ppm) 4.2 6.4 7.5 5.4 5.6 6.0 3.6 3.2
∑REE 345 206 49 316 256 80 291 82
(La/Lu)C N 39.4 19.9 2.9 30.3 19.5 8.2 19.2 0.3
Eu/Eu* 3.4 7.5 9.1 4.3 4.7 7.6 4.0 4.3
(Y/Dy)C N 1.5 1.4 1.0 1.0 1.2 1.3 1.1 1.2
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Sample # Sud-016i Sud-016i Sud-016i Sud-016i Sud-016i Sud-018 Sud-018 Sud-018 Sud-018 Sud-018
Crystal # 2 2 2 2 2 4 4 4 4 4
Host unit G G G G G G G G G G
Location NR NR NR NR NR SR SR SR SR SR
Feature IMC IMC IMC IMC IMC MC MC MC MC MC
Ep Type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Rep. Ep Blocky Ep Blocky Ep Rep. Ep Blocky Ep
Ni (ppm) 2.0 1.0 0.5 0.9 0.1 0.3
Cu (ppm) 0.7 0.7 0.5 0.3 0.6 0.4
Zn (ppm) 12.1 10.9 5.7 11.2 2.0 1.3 2.0 2.5 2.0 2.1
Rb (ppm) 17.4 0.1 0.2 0.3 0.1 0.1
Sr (ppm) 617 534 699 656 491 1065 1782 1164 2373 969
Y (ppm) 25.1 39.9 120.0 70.8 96.5 6.1 2.7 5.6 2.6 4.5
Ba (ppm) 160.1 23.0 21.9 29.9 23.0 0.3 3.0 4.5 2.2 1.3
La (ppm) 5.2 3.4 9.5 10.5 3.6 28.3 6.9 15.0 6.9 5.6
Ce (ppm) 9.1 6.2 16.6 14.3 4.9 32.1 7.6 15.8 7.4 6.3
Pr (ppm) 1.1 0.8 2.7 2.1 0.8 3.2 0.9 1.7 0.8 0.7
Nd (ppm) 4.8 3.3 16.4 11.2 5.2 10.5 3.7 6.5 3.2 2.8
Sm (ppm) 1.1 1.4 5.4 3.2 2.7 1.8 0.3 0.8 0.5 0.4
Eu (ppm) 6.5 8.4 6.2 8.1 5.5 10.9 6.2 10.1 6.3 7.3
Gd (ppm) 1.7 1.4 10.6 5.4 6.1 1.1 0.4 0.8 0.5 0.7
Tb (ppm) 0.4 0.5 2.2 1.2 1.2 0.2 0.1 0.2 0.1 0.1
Dy (ppm) 2.6 3.2 16.7 10.5 14.3 0.8 0.4 1.0 0.3 0.5
Ho (ppm) 0.7 1.2 4.2 2.3 4.3 0.3 0.1 0.2 0.1 0.2
Er (ppm) 2.2 3.7 15.0 6.9 15.9 1.0 0.3 0.7 0.4 0.4
Tm (ppm) 0.4 0.6 2.1 1.2 1.9 0.1 0.1 0.1 0.0 0.1
Yb (ppm) 2.2 3.5 17.0 8.7 11.1 1.0 0.4 1.1 0.4 1.0
Lu (ppm) 0.3 0.4 2.3 1.4 2.3 0.1 0.1 0.1 0.1 0.2
Pb (ppm) 28.2 33.4 27.9 26.9 33.3 2.4 3.9 3.4 4.7 2.7
Th (ppm) 0.0 0.1 1.0 2.0 1.2 1.4 1.5 1.5 1.5 1.6
U (ppm) 2.7 4.6 3.7 1.8 1.1 6.2 1.1 6.1 1.5 2.5
∑REE 38 38 127 87 80 91 27 54 27 26
(La/Lu)C N 1.9 0.9 0.4 0.8 0.2 21.2 10.6 14.2 11.6 2.9
Eu/Eu* 14.7 17.7 2.5 5.9 4.0 22.2 57.4 38.8 41.7 39.4
(Y/Dy)C N 1.5 1.9 1.1 1.1 1.1 1.1 1.0 0.9 1.3 1.4
Sample # Sud-018 Sud-018 Sud-018 Sud-018 Sud-018 Sud-018 Sud-018 Sud-072 Sud-072 Sud-102
Crystal # 4 5 5 5 5 5 5 1 2 4
Host unit G G G G G G G OI OI OFm
Location SR SR SR SR SR SR SR Joe lake Joe lake Morgan
Feature MC MC MC MC MC MC MC MC MC OFm. Rep Ep
Ep Type Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Rep. Ep Blocky Ep Rep. Ep1
Ni (ppm) 0.1 1.5 1.0 0.9 2.7 2.9 2.0
Cu (ppm) 0.4 1.8 0.6 1.5 1.0 1.2 0.8 0.3 1.3
Zn (ppm) 2.6 1.6 1.6 1.9 1.5 1.5 1.5 2.7 2.3 5.5
Rb (ppm) 0.1 0.1 0.2 0.1 0.2 0.2 0.3 0.5
Sr (ppm) 1198 1532 1173 1239 1269 1268 1463 1227 1006 374
Y (ppm) 5.3 4.8 4.6 4.6 4.2 4.2 4.0 1.3 3.1 2.6
Ba (ppm) 1.1 0.8 0.5 0.5 0.5 1.3 1.2 0.8 2.4 1.3
La (ppm) 6.2 3.9 3.1 6.0 3.5 3.8 3.2 7.8 2.5 4.7
Ce (ppm) 7.8 3.0 2.7 8.3 3.1 3.9 2.9 11.7 3.8 9.3
Pr (ppm) 0.9 0.3 0.3 0.9 0.4 0.4 0.3 1.3 0.4 0.8
Nd (ppm) 3.4 0.8 1.8 2.0 1.6 2.5 1.5 4.0 1.3 2.7
Sm (ppm) 1.0 0.2 0.3 0.3 0.3 0.4 0.3 0.4 0.1 0.3
Eu (ppm) 10.0 7.3 7.6 7.5 7.0 6.8 7.3 2.0 4.1 4.4
Gd (ppm) 0.7 0.4 0.3 0.4 0.4 0.2 0.5 0.1 0.2 0.4
Tb (ppm) 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.6
Dy (ppm) 1.0 0.3 0.5 0.5 0.4 0.4 0.4 0.1 0.6 0.4
Ho (ppm) 0.2 0.1 0.1 0.2 0.2 0.2 0.2 0.0 0.0 0.8
Er (ppm) 0.6 0.3 0.5 0.6 0.4 0.4 0.5 0.1 0.1 0.3
Tm (ppm) 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.4
Yb (ppm) 0.7 0.5 0.7 0.5 0.4 0.6 0.6 0.1 0.2 0.5
Lu (ppm) 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.6
Pb (ppm) 3.4 5.1 4.0 4.9 3.5 4.1 6.1 6.3 4.5 2.6
Th (ppm) 2.0 0.0 0.0 0.1 0.0
U (ppm) 6.0 1.9 2.1 2.4 1.7 2.4 2.1 0.5 0.9 0.5
∑REE 33 17 18 28 18 20 18 28 13 24
(La/Lu)C N 6.6 8.9 5.2 8.3 9.8 3.3 4.1 67.7 17.4 8.4
Eu/Eu* 35.8 73.3 71.2 62.0 64.0 62.7 65.8 20.3 95.9 38.7
(Y/Dy)C N 0.8 2.9 1.6 1.4 1.8 1.8 1.7 2.1 0.9 1.1
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Appendix 4. (Cont’d). 
 
 
 
Note: In this and the follwoing appendixes, the chondrite normalized (La/Lu)CN and (Y/Dy)CN ratios were 
calculated as follows: 
 (La/Lu)CN = (Lasample/Lachondrite)/( Lusample/Luchondrite) 
(Y/Dy)CN = (Ysample/Ychondrite)/( Dysample/Dychondrite) 
 
The Eu anomaly (i.e. Eu/Eu*) was calculated as: 
 Eu/Eu*=EuCN/[GdCN-((GdCN-SmCN))/2] 
 
Where the subscript CN represents the chondrite normalized value. Normalizing chondrite values of 
McDonough and Sun (1995) were used. 
 
  
Sample # Sud-102 Sud-102 Sud-102 Sud-104 Sud-104 Sud-104
Crystal # 4 4 4 I1 I2 I3
Host unit OFm OFm OFm OFm OFm OFm
Location Morgan Morgan Morgan Morgan Morgan Morgan
Feature OFm. Rep Ep OFm. Rep Ep OFm. Rep Ep OFm. Rep Ep OFm. Rep Ep OFm. Rep Ep
Ep Type Rep. Ep2 Rep. Ep1 Rep. Ep2 Ep inclusions Ep inclusions Ep inclusions
Ni (ppm) 8.2 0.5 1.9 0.3 1.2
Cu (ppm) 3.6 1.2 2.2 0.2 2.4 2.0
Zn (ppm) 18.1 4.2 5.7 7.4 4.8 8.6
Rb (ppm) 21.6 0.7 1.3 0.3 0.2
Sr (ppm) 1939 841 632 196 916 460
Y (ppm) 37.9 5.6 5.3 3.9 7.8 6.9
Ba (ppm) 312.8 1.3 9.7 11.7 13.5 5.2
La (ppm) 47.1 6.5 5.8 9.2 1.6 16.0
Ce (ppm) 90.0 8.9 20.0 17.6 18.5 3.6
Pr (ppm) 9.6 0.9 1.8 2.4 2.5 3.7
Nd (ppm) 4.1 3.6 33.6 9.6 11.1 13.5
Sm (ppm) 7.4 0.7 2.5 1.0 2.2 2.3
Eu (ppm) 9.0 6.7 6.8 3.6 3.2 2.5
Gd (ppm) 8.1 0.7 1.3 0.6 1.6 1.7
Tb (ppm) 1.2 0.1 0.1 0.1 0.3 0.2
Dy (ppm) 6.5 0.7 0.6 0.7 1.5 0.9
Ho (ppm) 1.3 0.2 0.2 0.9 0.3 0.2
Er (ppm) 3.5 0.5 0.8 0.2 0.5 0.4
Tm (ppm) 0.5 0.6 1.0 0.3 0.9 0.3
Yb (ppm) 3.7 0.7 0.6 0.5 0.3
Lu (ppm) 0.5 0.8 0.9 0.4 0.8 0.3
Pb (ppm) 6.5 3.7 7.8 4.5 11.2 3.2
Th (ppm) 1.5 0.2 0.7 0.4 0.1 1.8
U (ppm) 4.4 0.6 1.1 0.8 0.7 0.7
∑REE 228 3 218 45 53 72
(La/Lu)C N 1.7 8.9 59.0 23.1 14.4 62.3
Eu/Eu* 3.5 29.8 1.3 13.1 5.3 3.8
(Y/Dy)C N 0.9 1.3 1.3 0.8 0.8 1.2
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Appendix 5. K-feldspar trace element data determined by LA-ICP-MS. 
 
  
Sample 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 Sud-010 Sud-010
Crystal # 7 7 7 7 7 6 6
Host unit G G G G G QG QG
Location NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC
Kfs type Graphic Graphic Graphic Graphic Graphic Graphic Graphic
Li (ppm) 0.3 0.6 0.0 0.0 0.0 4.7 2.4
Rb (ppm) 303 306 346 342 333 297 188
Sr (ppm) 11.8 20.8 11.5 12.2 15.6 31.0 26.5
Y (ppm) 2.6 5.6 28.7 1.1 63.5 1.1 0.6
Cs (ppm) 0.4 0.4 0.6 0.5 0.5 0.5 0.2
Ba (ppm) 1070 1093 1194 1249 1163 977 684
La (ppm) 0.2 0.9 1.0 0.3 7.2 1.4 0.1
Ce (ppm) 0.4 1.3 1.3 0.5 10.6 3.7 0.4
Pr (ppm) 0.1 0.2 0.1 0.1 3.0 0.2 0.0
Nd (ppm) 0.3 0.9 0.4 0.3 18.3 0.7 0.2
Sm (ppm) 0.1 0.3 0.3 0.1 4.8 0.2 0.1
Eu (ppm) 0.1 0.1 0.1 0.1 0.3 0.2 0.0
Gd (ppm) 0.3 0.5 0.8 0.1 4.7 0.0 0.1
Tb (ppm) 0.1 0.1 0.3 0.0 0.8 0.0 0.0
Dy (ppm) 0.6 0.7 3.2 0.1 7.5 0.2 0.1
Er (ppm) 0.5 0.9 4.3 0.0 8.8 0.1 0.1
Lu (ppm) 0.1 0.2 0.7 0.0 1.6 0.0 0.0
Pb (ppm) 1.4 4.9 3.9 0.9 4.9 2.9 1.3
∑REE 2.6 6.2 12.5 1.5 67.6 6.7 1.1
(La/Lu)C N 0.4 0.5 0.1 8.9 0.5 11.4 0.8
Eu/Eu* 1.1 0.7 0.8 2.4 0.2 3.5 1.3
(Y/Dy)C N 0.7 1.3 1.4 3.0 1.3 0.9 0.9
Sample Sud-010 Sud-010 Sud-010 Sud-010 Sud-016 Sud-016 Sud-016
Crystal # 6 6 6 6 5 5 5
Host unit QG QG QG QG G G G
Location NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC
Kfs type Graphic Graphic Graphic Graphic filling filling filling
Li (ppm) 0.5 6.2 6.0 6.8 3.7 4.8 1.4
Rb (ppm) 364 281 289 252 611 489 601
Sr (ppm) 33.2 25.4 28.8 25.2 13.5 18.8 14.1
Y (ppm) 3.7 0.3 4.2 6.3 0.1 0.3 0.1
Cs (ppm) 0.6 0.5 0.4 0.3 0.6 0.4 0.6
Ba (ppm) 1130 1007 1004 666 2573 5437 2248
La (ppm) 1.8 0.1 0.3 0.2 0.2 0.3 0.1
Ce (ppm) 2.2 0.2 0.4 0.4 0.3 0.5 0.3
Pr (ppm) 0.3 0.0 0.0 0.1 0.0 0.1 0.0
Nd (ppm) 0.9 0.0 0.3 0.2 0.1 0.2 0.1
Sm (ppm) 0.3 0.0 0.1 0.3 0.0 0.0 0.0
Eu (ppm) 0.1 0.1 0.0 0.0 0.1 0.1 0.1
Gd (ppm) 0.1 0.1 0.1 0.2 0.0 0.1 0.0
Tb (ppm) 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Dy (ppm) 0.4 0.1 0.5 0.7 0.0 0.0 0.0
Er (ppm) 0.4 0.0 0.7 0.8 0.0 0.0 0.0
Lu (ppm) 0.1 0.0 0.1 0.2 0.0 0.0
Pb (ppm) 1.9 3.5 3.0 1.4 0.8 5.7 1.2
∑REE 6.6 0.8 2.4 3.0 0.7 1.4 0.7
(La/Lu)C N 2.2 5.6 0.3 0.1 8.1 15.4
Eu/Eu* 1.8 2.3 1.1 0.4 11.7 6.9 12.0
(Y/Dy)C N 1.5 0.5 1.4 1.5 0.9 2.6 1.3
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Appendix 5. (Cont’d) 
 
 
  
Sample Sud-016 Sud-016 Sud-016 Sud-016 Sud-016 Sud-016 Sud-045 Sud-045
Crystal # 5 5 5 5 5 5 2a 2a
Host unit G G G G G G OFm OFm
Location NR NR NR NR NR NR Joe lake Joe lake
Feature MC MC MC MC MC MC Bx Bx
Type filling filling filling filling filling filling matrix matrix
Li (ppm) 3.5 7.7 4.3 0.0 1.4 1.8 3.7 3.3
Rb (ppm) 557 476 610 617 489 591 631 640
Sr (ppm) 13.4 18.2 13.8 12.2 10.0 15.3 50.7 49.6
Y (ppm) 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.1
Cs (ppm) 0.5 0.4 0.6 0.5 0.5 0.6 0.9 0.9
Ba (ppm) 2760 5456 2704 1883 2038 2485 2680 2649
La (ppm) 0.1 0.3 0.1 0.2 0.3 0.2 0.2 0.2
Ce (ppm) 0.3 0.5 0.2 0.3 0.5 0.2 0.6 0.6
Pr (ppm) 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.1
Nd (ppm) 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.2
Sm (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Eu (ppm) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Gd (ppm) 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Tb (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dy (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Er (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lu (ppm) 0.0 0.0 0.0 0.0
Pb (ppm) 0.7 10.8 0.7 0.8 1.1 1.4 0.4 0.4
∑REE 0.7 1.2 0.6 0.9 1.2 0.7 1.3 1.4
(La/Lu)C N 27.9 15.0 10.3 13.1
Eu/Eu* 16.9 31.8 9.3 17.3 4.9 8.7 9.4 9.8
(Y/Dy)C N 1.2 1.0 1.0 0.7 1.6 1.7 1.4 1.2
Sample Sud-045 Sud-045 Sud-045 Sud-045 Sud-045 Sud-045 Sud-045 Sud-045
Crystal # 2a 2a 2a 2b 2b 2b 2b 2b
Host unit OFm OFm OFm OFm OFm OFm OFm OFm
Location Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake
Feature Bx Bx Bx Bx Bx Bx Bx Bx
Type matrix matrix matrix halo halo halo halo halo
Li (ppm) 3.7 0.0 0.6 12.7 147.1 15.0 22.9 15.6
Rb (ppm) 631 620 648 539 675 540 735 598
Sr (ppm) 51.0 47.8 47.2 73.7 111.1 65.2 59.1 65.2
Y (ppm) 0.1 0.4 0.2 6.3 57.9 3.8 10.6 5.8
Cs (ppm) 0.9 0.7 0.7 0.7 0.8 0.8 1.0 0.8
Ba (ppm) 2713 2626 2538 2762 2228 3037 1867 2542
La (ppm) 0.2 1.1 0.4 57.0 217.0 3.0 58.4 37.6
Ce (ppm) 0.6 8.3 1.0 87.7 488.2 6.2 100.3 82.9
Pr (ppm) 0.1 0.5 0.1 9.0 40.9 0.6 10.3 6.0
Nd (ppm) 0.2 2.3 0.4 27.5 141.7 1.8 37.5 19.0
Sm (ppm) 0.1 0.4 0.0 4.5 19.9 0.6 4.8 3.2
Eu (ppm) 0.1 0.2 0.1 1.8 7.3 0.3 2.3 1.3
Gd (ppm) 0.0 0.2 0.0 2.7 15.1 0.5 3.7 2.0
Tb (ppm) 0.0 0.0 0.0 0.2 1.9 0.1 0.4 0.2
Dy (ppm) 0.0 0.1 0.0 1.2 12.3 0.5 2.1 1.1
Er (ppm) 0.1 0.0 0.5 5.8 0.3 0.9 0.5
Lu (ppm) 0.0 0.1 1.0 0.1 0.1 0.1
Pb (ppm) 0.4 1.3 0.4 1.3 12.0 0.9 3.2 1.5
∑REE 1.4 13.4 2.0 192.1 951.2 13.7 220.8 154.1
(La/Lu)C N 20.7 77.7 22.0 6.4 49.4 52.0
Eu/Eu* 8.0 1.7 11.9 1.4 1.2 1.5 1.6 1.5
(Y/Dy)C N 0.9 0.4 1.5 0.8 0.7 1.2 0.8 0.8
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Appendix 5. (Cont’d) 
 
 
  
Sample Sud-045 Sud-045 Sud-045 Sud-045 Sud-045 Sud-045 Sud-063 Sud-063
Crystal # 2b 2b 2b 2b 2b 2b 2 2
Host unit OFm OFm OFm OFm OFm OFm G G
Location Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake NR NR
Feature Bx Bx Bx Bx Bx Bx vein vein
Type halo halo halo halo halo halo Kfs Kfs
Li (ppm) 16.4 9.4 31.9 35.6 10.9 13.8 0.0 0.0
Rb (ppm) 594 633 606 580 568 591 579 578
Sr (ppm) 65.6 54.8 70.9 65.1 59.1 70.1 21.3 40.5
Y (ppm) 8.7 3.5 31.6 6.8 2.3 29.0 0.1 0.2
Cs (ppm) 0.8 0.7 1.0 0.8 0.7 1.1 0.4 0.4
Ba (ppm) 2577 2574 2490 3067 2574 2842 1025 967
La (ppm) 39.4 13.3 60.4 9.2 19.8 24.3 0.5 1.3
Ce (ppm) 88.9 22.2 129.0 21.9 39.1 78.1 1.6 3.9
Pr (ppm) 7.4 2.1 11.1 2.3 3.4 5.5 0.1 0.2
Nd (ppm) 23.7 6.6 40.2 8.5 11.7 23.1 0.4 0.9
Sm (ppm) 2.9 1.9 6.8 1.2 1.7 4.1 0.1 0.1
Eu (ppm) 2.4 0.6 3.4 0.4 0.9 1.5 0.1 0.2
Gd (ppm) 2.4 0.9 5.8 1.1 1.1 5.2 0.0 0.1
Tb (ppm) 0.3 0.1 0.8 0.2 0.1 0.8 0.0 0.0
Dy (ppm) 1.3 0.6 4.4 0.9 0.4 3.7 0.0 0.0
Er (ppm) 1.1 0.3 3.1 0.7 0.2 3.5 0.0 0.0
Lu (ppm) 0.2 0.1 0.5 0.1 0.0 0.7 0.0 0.0
Pb (ppm) 1.8 0.9 3.4 0.9 0.6 3.7 0.6 0.7
∑REE 170.0 48.5 265.6 46.4 78.3 150.5 2.8 6.6
(La/Lu)C N 18.1 28.0 11.9 15.4 98.2 3.6 59.0 81.5
Eu/Eu* 2.7 1.3 1.6 1.0 1.9 1.0 6.1 5.1
(Y/Dy)C N 1.0 1.0 1.1 1.2 1.0 1.2 0.9 0.8
Sample Sud-063 Sud-063 Sud-063 Sud-063 Sud-072 Sud-072 Sud-072 Sud-072
Crystal # 2 2 2 2 3 3 3 3
Host unit G G G G OI OI OI OI
Location NR NR NR NR Joe lake Joe lake Joe lake Joe lake
Feature vein vein vein vein MC MC MC MC
Type Kfs Kfs Kfs Kfs Kfs rim Kfs rim Kfs rim Kfs rim
Li (ppm) 0.0 0.0 0.0 0.0 3.9 6.3 7.1 3.4
Rb (ppm) 547 590 583 584 510 532 560 582
Sr (ppm) 10.0 11.7 8.0 16.9 77.1 60.0 67.2 77.0
Y (ppm) 0.1 0.1 0.1 0.1 2.2 2.0 1.9 10.8
Cs (ppm) 0.4 0.4 0.3 0.4 0.5 0.8 0.8 1.0
Ba (ppm) 1074 983 982 1008 3391 4304 4349 3987
La (ppm) 0.1 0.2 0.1 0.4 3.0 1.1 0.9 4.9
Ce (ppm) 0.2 0.4 0.2 1.0 4.8 1.5 2.4 8.2
Pr (ppm) 0.0 0.0 0.0 0.1 0.4 0.1 0.2 0.8
Nd (ppm) 0.1 0.2 0.1 0.3 1.6 0.5 0.5 2.7
Sm (ppm) 0.0 0.0 0.0 0.0 0.4 0.1 0.2 0.6
Eu (ppm) 0.1 0.1 0.1 0.1 0.4 0.2 0.2 0.5
Gd (ppm) 0.0 0.0 0.0 0.0 0.4 0.1 0.3 0.8
Tb (ppm) 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2
Dy (ppm) 0.0 0.0 0.0 0.0 0.3 0.2 0.2 1.2
Er (ppm) 0.0 0.0 0.0 0.0 0.2 0.2 0.2 1.4
Lu (ppm) 0.0 0.0 0.0 0.0 0.0 0.3
Pb (ppm) 0.5 0.7 0.4 0.6 14.7 3.5 6.6 16.0
∑REE 0.5 0.9 0.5 2.1 11.5 4.0 5.1 21.4
(La/Lu)C N 3.0 36.3 7.0 3.9 4.0 2.0
Eu/Eu* 7.7 7.1 13.2 6.8 2.8 3.8 2.6 2.2
(Y/Dy)C N 1.5 0.5 1.7 1.0 1.1 1.9 1.3 1.4
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Appendix 5. (Cont’d) 
 
 
  
Sample Sud-072 Sud-072 Sud-072 Sud-072 Sud-077 Sud-077 Sud-077 Sud-077
Crystal # 3 3 4 4 1 1 1 1
Host unit OI OI OI OI OI OI OI OI
Location Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake
Feature MC MC MC MC MC MC MC MC
Type Kfs rim Kfs rim Kfs rim Kfs rim Kfs rim Kfs rim Kfs rim Kfs rim
Li (ppm) 2.9 9.0 7.8 1.1 0.4 2.2 0.8 1.7
Rb (ppm) 572 532 564 521 626 610 495 605
Sr (ppm) 71.7 106.8 47.5 55.0 39.6 55.5 40.0 51.4
Y (ppm) 2.5 0.5 0.1 0.1 0.1 0.1 0.1 0.1
Cs (ppm) 0.9 0.8 0.7 0.7 0.7 0.8 0.7 0.8
Ba (ppm) 4186 3978 3144 3012 2307 3021 2163 2849
La (ppm) 1.4 3.2 0.1 0.4 0.4 0.3 0.2 0.3
Ce (ppm) 1.9 4.5 0.3 1.4 0.8 0.3 0.4 0.4
Pr (ppm) 0.2 0.3 0.0 0.1 0.0 0.0 0.0 0.0
Nd (ppm) 0.6 1.0 0.1 0.2 0.2 0.1 0.1 0.1
Sm (ppm) 0.2 0.1 0.0 0.1 0.0 0.0 0.0 0.0
Eu (ppm) 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Gd (ppm) 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.1
Tb (ppm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dy (ppm) 0.2 0.1 0.0 0.0 0.0 0.0
Er (ppm) 0.2 0.0 0.0 0.0 0.0
Lu (ppm) 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb (ppm) 15.6 7.5 5.4 4.1 0.6 0.9 0.7 0.8
∑REE 5.0 9.6 0.7 2.2 1.5 0.9 0.9 1.0
(La/Lu)C N 3.1 649.3 14.5 48.7 24.8 17.6 20.6 27.3
Eu/Eu* 2.6 4.2 10.9 8.9 20.1 11.4 16.4 9.0
(Y/Dy)C N 1.9 0.9 5.6 1.7 1.1 9.2
Sample Sud-077 Sud-077 Sud-077 Sud-077 Sud-077
Crystal # 1 1 1 2 2
Host unit OI OI OI OI OI
Location Joe lake Joe lake Joe lake Joe lake Joe lake
Feature MC MC MC MC MC
Type Kfs rim Kfs rim Kfs rim Kfs rim Kfs rim
Li (ppm) 1.2 1.5 1.1 0.7 1.2
Rb (ppm) 620 612 602 519 548
Sr (ppm) 47.0 49.4 46.8 43.9 40.9
Y (ppm) 0.1 0.1 0.1 0.1 0.1
Cs (ppm) 0.8 0.8 0.8 0.5 0.5
Ba (ppm) 2541 2699 2666 2474 2507
La (ppm) 0.3 0.3 0.3 0.2 0.2
Ce (ppm) 0.6 0.5 0.5 0.4 0.3
Pr (ppm) 0.0 0.0 0.0 0.0 0.0
Nd (ppm) 0.1 0.1 0.1 0.1 0.1
Sm (ppm) 0.0 0.0 0.0 0.0 0.0
Eu (ppm) 0.1 0.1 0.1 0.1 0.1
Gd (ppm) 0.0 0.0 0.1 0.0 0.0
Tb (ppm) 0.0 0.0 0.0 0.0
Dy (ppm) 0.0 0.0 0.0
Er (ppm) 0.0 0.0 0.0 0.0 0.0
Lu (ppm) 0.0 0.0 0.0 0.0
Pb (ppm) 0.8 0.8 0.7 0.9 0.9
∑REE 1.1 1.1 1.2 0.8 0.7
(La/Lu)C N 352.0 41.6 38.1 12.9 23.2
Eu/Eu* 18.6 12.5 6.5 21.2 34.5
(Y/Dy)C N 11.1 2.6 1.6
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Appendix 6. Albite trace element data determined by LA-ICP-MS. 
 
  
Sample 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491 01-AV-491
crystal 3 3 3 3 3 3 3
Mineral Ab Ab Ab Ab Ab Ab Ab
Host unit G G G G G G G
Location NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC
Ab type Ab rim Ab rim Ab rim Ab rim Ab rim Ab rim Ab rim
Li (ppm) 2.40 2.45 3.49 1.73 2.30 0.00 4.33
Rb (ppm) 0.44 0.50 0.35 0.93 0.47 0.41 0.47
Sr (ppm) 69.0 73.2 63.4 67.4 70.0 47.7 70.4
Y (ppm) 0.03 0.04 0.01 0.81 0.03 0.55 0.09
Cs (ppm) 0.01 0.01 0.02 0.11 0.00 0.02 0.03
Ba (ppm) 26.8 25.4 30.3 33.7 25.4 11.9 38.9
La (ppm) 0.11 0.12 0.10 1.30 0.12 0.47 0.18
Ce (ppm) 0.22 0.20 0.35 2.41 0.21 1.05 1.77
Pr (ppm) 0.02 0.02 0.03 0.31 0.02 0.08 0.05
Nd (ppm) 0.09 0.11 0.11 1.36 0.09 0.34 0.20
Sm (ppm) 0.01 0.01 0.04 0.35 0.01 0.34 0.07
Eu (ppm) 0.00 0.00 0.00 0.08 0.00 0.04 0.01
Gd (ppm) 0.01 0.01 0.04 0.27 0.01 0.13 0.01
Tb (ppm) 0.00 0.00 0.00 0.03 0.00 0.01 0.00
Dy (ppm) 0.00 0.00 0.23 0.00 0.10 0.00
Er (ppm) 0.00 0.01 0.00 0.12 0.00 0.09 0.00
Lu (ppm) 0.00 0.00 0.01 0.00 0.02 0.00
Pb (ppm) 3.52 4.01 3.27 90.50 3.75 6.45 7.31
∑REE 0.47 0.49 0.66 6.48 0.47 2.66 2.31
(La/Lu)C N 18.5 6.2 9.8 21.5 2.6 22.9
Eu/Eu* 0.4 0.8 0.1 0.7 1.1 0.5 0.7
(Y/Dy)C N 4.1 2.0 0.6 2.5 0.9 3.6
Sample Sud-016 Sud-016 Sud-016 Sud-016 Sud-021 Sud-021 Sud-021
crystal 4 4 4 4 4 4 5
Mineral Ab Ab Ab Ab Ab Ab Ab
Host unit G G G G QG QG QG
Location NR NR NR NR SR SR SR
Feature MC MC MC MC MC MC MC
Ab type Ab rim Ab rim Ab rim Ab rim Ab rim Ab rim Ab rim
Li (ppm) 4.39 0.41 2.49 3.70 4.79 4.39 4.48
Rb (ppm) 5.16 1.22 1.24 0.57 0.64 0.86 0.60
Sr (ppm) 37.7 31.2 56.3 47.3 69.0 75.7 58.5
Y (ppm) 0.28 0.12 0.02 0.01 0.08 0.09 0.06
Cs (ppm) 0.28 0.09 0.09 0.05 0.06 0.03 0.09
Ba (ppm) 49.2 18.5 19.6 16.6 20.6 16.5 17.6
La (ppm) 0.32 0.19 0.03 0.27 0.17 1.21 0.18
Ce (ppm) 0.45 0.25 0.05 0.15 2.09 3.62 0.64
Pr (ppm) 0.06 0.03 0.01 0.01 0.03 0.20 0.06
Nd (ppm) 0.13 0.23 0.06 0.13 0.11 0.67 0.24
Sm (ppm) 0.05 0.01 0.01 0.01 0.02 0.09 0.02
Eu (ppm) 0.04 0.00 0.00 0.00 0.01 0.04 0.01
Gd (ppm) 0.04 0.04 0.02 0.03 0.03 0.02 0.04
Tb (ppm) 0.00 0.00 0.00 0.00 0.01
Dy (ppm) 0.05 0.02 0.00 0.01 0.03 0.01
Er (ppm) 0.02 0.02 0.01 0.00 0.01 0.01 0.00
Lu (ppm) 0.01 0.00 0.00
Pb (ppm) 0.58 0.82 0.24 2.49 0.98 0.97 0.73
∑REE 1.15 0.79 0.19 0.62 2.49 5.90 1.20
(La/Lu)C N 6.0 8.9 14.8 9.1 6077.8
Eu/Eu* 2.9 0.5 0.7 0.4 1.3 2.0 1.2
(Y/Dy)C N 0.9 1.2 1.4 1.2 0.5 0.7
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Appendix 7. Calcite trace element data determined by LA-ICP-MS. 
 
  
Sample AV-451 AV-451 AV-451 AV-451 AV-451 AV-451 AV-451 AV-451 AV-451 Sud-096 Sud-096
Crystal # 1 1 1 2 2 2 2 2 2 1 1
Host unit OFm OFm OFm OFm OFm OFm OFm OFm OFm OFm OFm
Location NR NR NR NR NR NR NR NR NR SR SR
Feature Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal Am. Cal
Ni (ppm) 0.37 2.97 0.12 0.47 0.32 0.36 0.30 0.27 0.49 0.48 0.50
Cu (ppm) 0.23 1.08 0.70 0.27 0.17 0.13 0.13 0.20 0.08 0.09
Zn (ppm) 1.57 3.22 3.33 1.85 1.04 0.53 2.07 0.85 0.51 1.15 0.94
Rb (ppm) 0.01 0.08 0.04 0.06 0.04 0.01 0.03 3.49
Sr (ppm) 199 682 357 142 137 474 264 519 344 189 448
Y (ppm) 1.33 0.57 0.09 0.78 0.62 0.14 1.85 0.23 1.60 5.62 4.17
Ba (ppm) 0.40 5.33 2.29 0.28 1.25 2.01 0.49 2.59 1.73 154.07 12.71
La (ppm) 37.02 30.43 5.47 11.03 6.98 5.48 66.78 2.74 86.91 7.18 2.21
Ce (ppm) 33.43 18.50 3.49 11.43 9.28 1.94 60.16 2.40 67.81 10.83 2.52
Pr (ppm) 3.52 1.33 0.27 2.10 1.70 0.18 5.01 0.23 5.67 1.51 0.40
Nd (ppm) 45.88 3.79 0.85 3.65 127.59 0.62 16.20 1.04 20.07 7.44 1.98
Sm (ppm) 0.61 0.14 0.04 0.16 0.15 0.05 1.30 0.13 1.46 0.27 0.35
Eu (ppm) 0.54 1.71 0.56 0.27 0.18 0.77 0.69 0.63 1.36 0.32 0.10
Gd (ppm) 0.47 0.38 0.02 0.28 0.63 0.03 0.79 0.04 0.64 1.08 0.52
Tb (ppm) 0.04 0.01 0.01 0.02 0.17 0.01 0.06 0.01 0.08 0.07 0.07
Dy (ppm) 0.55 0.08 0.12 0.14 0.03 0.56 0.04 0.19 0.69 0.52
Ho (ppm) 0.04 0.01 0.01 0.04 0.09 0.00 0.02 0.13 0.15
Er (ppm) 0.09 0.03 0.03 0.07 0.06 0.13 0.04 0.67 0.43
Tm (ppm) 0.01 0.01 0.01 0.00 0.04 0.04
Yb (ppm) 0.04 0.03 0.04 0.04 0.02 0.15 0.47
Lu (ppm) 0.01 0.01 0.02 0.07 0.12
Pb (ppm) 0.06 0.18 0.10 0.05 0.02 0.03 0.13 0.62 0.01 0.74 0.80
Th (ppm) 0.01 0.01
U (ppm)
∑REE 122.23 56.39 10.75 29.17 146.96 9.12 151.83 7.29 184.25 30.44 9.90
(La/Lu)C N 782.9 84.6 403.3 11.2 1.9
Eu/Eu* 3.0 21.6 49.1 3.8 1.6 55.0 1.9 20.6 3.7 1.6 0.7
(Y/Dy)C N 0.4 1.2 1.0 0.7 0.8 0.5 0.8 1.3 1.3 1.3
Sample Sud-096 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104 Sud-104
Crystal # 1 1 1 1 1 2 2 2 3 3 3
Host unit OFm OFm OFm OFm OFm OFm OFm OFm OFm OFm OFm
Location SR NR NR NR NR NR NR NR NR NR NR
Feature Am. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal Rep. Cal
Ni (ppm) 0.07 1.26 1.38 1.38 1.75 0.62 1.52 1.38 0.39 0.58 0.28
Cu (ppm) 0.30 0.23 0.06 0.05 1.95 0.63 0.17 0.03 0.17
Zn (ppm) 0.45 4.09 5.80 3.45 5.11 3.22 0.58 0.54 0.06 0.36 0.78
Rb (ppm) 0.03 1.71 2.15 2.35 2.58 0.63 0.48 0.17 0.02 0.05 0.05
Sr (ppm) 880 433 444 497 490 285 542 285 354 572 363
Y (ppm) 3.3 4.1 20.2 6.2 4.5 2.7 2.8 1.4 2.1 3.0 2.3
Ba (ppm) 5.33 7.92 1.99 5.95 8.55 2.42 1.52 1.63 1.59 1.66 2.18
La (ppm) 0.35 0.27 0.46 0.09 1.34 1.46 3.19 0.18 17.51 23.91 19.71
Ce (ppm) 0.67 0.26 0.77 0.19 1.12 4.86 4.65 0.40 34.32 45.37 37.23
Pr (ppm) 0.09 0.03 0.14 0.02 0.11 0.84 0.58 0.23 3.33 6.36 4.67
Nd (ppm) 0.64 0.46 0.08 0.35 3.44 2.98 0.76 12.52 21.93 14.38
Sm (ppm) 0.11 0.06 0.21 0.05 0.09 1.28 0.43 0.63 1.07 2.28 1.54
Eu (ppm) 0.05 0.01 0.07 0.01 0.00 0.49 0.16 0.66 1.64 7.75 2.04
Gd (ppm) 0.26 0.09 0.65 0.13 0.10 0.74 0.37 0.55 0.48 1.50 0.91
Tb (ppm) 0.03 0.04 0.25 0.07 0.05 0.99 0.49 0.16 0.06 0.10 0.09
Dy (ppm) 0.28 0.34 1.37 0.48 0.38 0.41 0.30 0.94 0.31 0.41 0.37
Ho (ppm) 0.11 0.12 0.49 0.18 0.11 0.36 0.53 0.61 0.06 0.06 0.06
Er (ppm) 0.38 0.26 2.23 0.66 0.58 0.19 0.22 0.24 0.14 0.25 0.20
Tm (ppm) 0.11 0.08 0.38 0.11 0.06 0.18 0.29 0.48 0.01 0.03 0.03
Yb (ppm) 1.00 0.70 3.43 0.72 0.70 0.36 0.23 0.44 0.21 0.03 0.26
Lu (ppm) 0.21 0.09 0.42 0.14 0.08 0.19 0.44 0.72 0.04 0.02
Pb (ppm) 1.40 0.29 1.59 0.42 0.33 1.48 1.64 0.43 1.02 1.10 0.78
Th (ppm) 2.05 9.54 3.24 2.09 1.13 0.76 0.27 0.01 0.02
U (ppm) 0.42 1.94 0.65 0.45 0.38 0.88 0.27 0.01 0.04
∑REE 4.29 2.36 11.34 2.94 5.09 14.23 12.47 1.83 71.72 109.99 81.51
(La/Lu)C N 0.2 0.3 0.1 0.1 1.8 8.6 7.5 0.3 45.3 124.3
Eu/Eu* 0.9 0.3 0.6 0.4 0.1 1.4 1.2 3.4 6.0 12.0 4.8
(Y/Dy)C N 1.8 1.9 2.3 2.0 1.9 1.0 1.5 0.2 1.1 1.1 1.0
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Appendix 7. (Cont’d) 
 
 
  
Sample Sud-104 Sud-104 Sud-104 VDM-1-1 VDM-1-1 VDM-1-2 VDM-1-2 VDM-1-2 VDM-1-2 VDM-1-3
crystal 3 3 3 1 1 1 1 1 2 3
Host unit OFm OFm OFm VFm VFm VFm VFm VFm VFm VFm
Location NR NR NR SR SR SR SR SR SR SR
Feature Rep. Cal Rep. Cal Rep. Cal WL Cal WL Cal Blocky Blocky Blocky Blocky Min. Cal
Ni (ppm) 0.56 0.27 0.32 0.61 0.90 0.27 0.66 0.59 0.74 0.31
Cu (ppm) 0.01 0.08 1.28 0.65 0.24 0.08 0.17 0.34 0.36
Zn (ppm) 0.38 0.57 0.55 287 1008 372 370 378 390 1.0
Rb (ppm) 0.03 0.05 0.00 0.02 0.00 0.04 0.01 0.02 0.02 0.00
Sr (ppm) 348 246 394 194 214 206 245 236 251 60
Y (ppm) 0.74 1.67 1.99 0.12 0.73 0.02 0.02 0.01 0.03 596
Ba (ppm) 1.56 2.03 1.56 46.30 60.67 51.27 57.70 56.39 61.39 6.64
La (ppm) 13.34 4.29 27.25 0.29 0.82 0.05 0.03 0.04 0.05 0.88
Ce (ppm) 20.84 7.30 53.64 0.14 0.33 0.01 0.01 0.01 0.02 0.22
Pr (ppm) 2.52 1.06 6.56 0.02 0.03 0.00 0.00 0.00 0.00 0.27
Nd (ppm) 8.41 4.47 21.72 0.03 0.30 0.00 0.00 0.00 0.00 0.54
Sm (ppm) 0.82 0.48 1.92 0.02 0.04 0.00 0.00 0.00 0.01 0.10
Eu (ppm) 6.36 1.14 3.17 0.01 0.01 0.02 0.00 0.00 0.00 0.01
Gd (ppm) 0.24 0.54 1.15 0.03 0.03 0.09 0.00 0.00 0.00 0.37
Tb (ppm) 0.02 0.03 0.08 0.00 0.02 0.00 0.00 0.00 0.00 0.01
Dy (ppm) 0.15 0.33 0.40 0.01 0.00 0.02 0.01 0.00 0.09
Ho (ppm) 0.02 0.03 0.05 0.01 0.01 0.00 0.00 0.00 0.03
Er (ppm) 0.02 0.20 0.11 0.01 0.10 0.00 0.00 0.00 0.00 0.12
Tm (ppm) 0.01 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.01
Yb (ppm) 0.06 0.17 0.09 0.07 0.00 0.00 0.00 0.00 0.02
Lu (ppm) 0.01 0.03 0.03 0.01 0.00 0.00 0.00 0.00 0.01
Pb (ppm) 0.59 0.28 0.80 814 748 258 242 246 375
Th (ppm) 0.06 0.00 0.02 0.01 0.00 0.00 0.00 5.59
U (ppm) 0.01 0.00 0.00 0.03 0.86 0.33 0.57 0.55 0.57
∑REE 52.82 20.11 116.19 0.56 1.79 0.17 0.05 0.07 0.08 2.68
(La/Lu)C N 274.1 17.2 90.2 13.9 4.2 6.6
Eu/Eu* 33.5 6.8 6.0 0.9 1.0 0.1
(Y/Dy)C N 0.8 0.8 0.8 1.9 0.2 0.2 1026.5
Sample VDM-1-3 VDM-1-3 VDM-1-3 VDM-1-4 VDM-1-4
crystal 3 3 3 4 4
Host unit VFm VFm VFm VFm VFm
Location SR SR SR SR SR
Feature Min. Cal Min. Cal Min. Cal Disc. Cal Disc. Cal
Ni (ppm) 0.59 0.38 0.17 0.36 0.54
Cu (ppm) 0.19 0.31 0.03 0.04 0.22
Zn (ppm) 53.7 4.0 36.5 194.0 330.0
Rb (ppm) 0.00 0.00 0.01 0.01
Sr (ppm) 109 34 35 30 29
Y (ppm) 1010 376 341 287 263
Ba (ppm) 92.9 11.7 7.0 1.5 1.6
La (ppm) 15.0 2.4 1.4 13.3 12.8
Ce (ppm) 0.31 0.49 0.40 0.20 0.17
Pr (ppm) 0.56 0.81 0.63 0.18 0.17
Nd (ppm) 1.39 1.30 1.02 0.49 0.24
Sm (ppm) 0.38 0.31 0.08 0.05 0.07
Eu (ppm) 0.11 0.02 0.02 0.01 0.01
Gd (ppm) 1.62 0.31 0.31 0.05 0.05
Tb (ppm) 0.06 0.04 0.01 0.01 0.00
Dy (ppm) 0.85 0.21 0.12 0.04 0.02
Ho (ppm) 0.59 0.07 0.03 0.00 0.01
Er (ppm) 2.91 0.28 0.14 0.03 0.02
Tm (ppm) 0.57 0.01 0.02 0.01 0.01
Yb (ppm) 2.53 0.07 0.04 0.01
Lu (ppm) 0.36 0.02 0.01 0.00
Pb (ppm) 0.30 0.01 0.01 0.00
Th (ppm) 205.5 4.4 234.1 663.3 512.6
U (ppm) 0.04 0.00
∑REE 27.24 6.37 4.19 14.38 13.57
(La/Lu)C N 4.4 13.9 13.2 556.8
Eu/Eu* 0.4 0.2 0.4 0.3 0.3
(Y/Dy)C N 186.7 279.5 449.4 1098.5 1789.5
238 
 
 
Appendix 8. Structural formula calculations based on WDS data for miarolitic and 
vein epidote from the SIC and Onaping Intrusion 
 
  
Sample Sud‐009 Sud‐009 Sud‐009 Sud‐009 Sud‐009 Sud‐009 Sud‐009 Sud‐009
crystal # 4 4 4 4 3 3 2 2
Host QG QG QG QG QG QG QG QG
Location NR NR NR NR NR NR NR NR
Feature vein vein vein vein vein vein vein vein
Ep type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Spot edge 2 core mid edge 1 core edge 2 edge 1 edge 2
MgO 0.05 0.07 0.05 0.03 0.04 0.04 0.03 0.12
Al2O3 25.97 23.51 23.28 25.45 22.87 25.08 21.89 25.55
SiO2 38.12 37.85 37.71 38.91 38.50 38.40 38.27 38.12
CaO 23.19 23.22 23.14 23.43 23.59 23.27 23.06 22.95
TiO2 0.04 0.29 0.30 0.14 0.34 0.19 0.34 0.21
MnO 0.10 0.02 0.01 0.11 0.04 0.04 0.04 0.15
FeO* 10.69 13.65 13.23 11.57 14.56 11.67 15.41 10.98
Total 98.17 98.62 97.73 99.62 99.93 98.70 99.03 98.07
Si4+ 2.969 2.963 2.978 2.995 2.983 2.986 3.001 2.976
Al3+ 0.031 0.037 0.022 0.005 0.017 0.014 ‐ 0.024
ΣT 3.000 3.000 3.000 3.000 3.000 3.000 3.001 3.000
Al3+ 2.354 2.132 2.144 2.304 2.072 2.283 2.023 2.327
Fe2+ 0.008 0.001 0.001 0.007 0.002 0.003 0.003 0.011
Fe3+ 0.688 0.892 0.873 0.737 0.941 0.756 1.008 0.706
Mg2+ 0.006 0.008 0.006 0.003 0.004 0.005 0.004 0.014
Ti4+ 0.002 0.017 0.018 0.008 0.020 0.011 0.020 0.012
ΣM 3.058 3.051 3.042 3.061 3.039 3.059 3.058 3.070
Ca2+ 1.935 1.947 1.957 1.932 1.959 1.939 1.938 1.920
Mn2+ 0.007 0.001 0.001 0.007 0.002 0.003 0.003 0.010
ΣA 1.935 1.947 1.957 1.932 1.959 1.939 1.938 1.920
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
 
  
Sample Sud‐009 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐016
crystal # 2 2 2 2 6 6 6 1
Host QG QG QG QG QG QG QG G
Location NR NR NR NR NR NR NR NR
Feature vein MC MC MC MC MC MC IMC
Ep type Yellow Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Yellow Ep
Spot core edge 1 edge 2 core edge 1 core edge 2 edge 1
MgO 0.02 <0.01 <0.01 0.02 <0.01 <0.01 0.01 <0.01
Al2O3 23.06 20.69 23.16 20.24 22.63 20.86 20.67 19.94
SiO2 38.15 38.24 38.92 37.40 38.50 38.19 37.81 37.39
CaO 22.77 23.20 22.03 22.78 23.04 22.74 22.77 22.78
TiO2 0.01 0.05 0.01 0.01 <0.01 0.01 0.19 <0.01
MnO 0.14 <0.01 0.34 0.04 0.04 <0.01 <0.01 0.01
FeO* 14.72 17.42 14.74 17.11 14.39 16.36 16.21 17.17
Total 98.88 99.60 99.20 97.59 98.59 98.17 97.67 97.29
Si4+ 2.986 2.996 3.039 2.991 3.022 3.030 3.016 3.001
Al3+ 0.014 0.004 ‐ 0.009 ‐ ‐ ‐ ‐
ΣT 3.000 3.000 3.039 3.000 3.022 3.030 3.016 3.001
Al3+ 2.113 1.907 2.131 1.898 2.093 1.950 1.943 1.886
Fe2+ 0.010 <0.001 0.025 0.003 0.003 <0.001 <0.001 0.001
Fe3+ 0.953 1.141 0.938 1.142 0.942 1.086 1.082 1.151
Mg2+ 0.003 <0.001 0.001 0.002 <0.001 0.000 0.001 <0.001
Ti4+ <0.001 0.003 <0.001 0.001 <0.001 0.001 0.012 <0.001
ΣM 3.080 3.052 3.095 3.046 3.038 3.037 3.038 3.039
Ca2+ 1.910 1.948 1.843 1.952 1.938 1.933 1.946 1.959
Mn2+ 0.010 <0.001 0.023 0.003 0.002 <0.001 <0.001 0.001
ΣA 1.910 1.948 1.843 1.952 1.938 1.933 1.946 1.959
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
 
  
Sample Sud‐016 Sud‐016 Sud‐016 Sud‐016 Sud‐016 Sud‐016 Sud‐018 Sud‐018
crystal # 1 1 1 3 3 3 2 2
Host G G G G G G G G
Location NR NR NR NR NR NR SR SR
Feature IMC IMC IMC IMC IMC IMC MC MC
Ep type Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Blocky Ep Blocky Ep
Spot mid edge 2 core core mid edge edge 1 core
MgO 0.02 0.01 0.02 0.03 0.19 0.06 <0.01 0.01
Al2O3 22.05 21.27 21.00 18.89 19.74 19.78 22.86 22.98
SiO2 37.62 37.62 37.45 37.40 37.08 37.86 38.25 38.34
CaO 22.27 22.51 23.10 22.55 22.41 22.33 23.48 23.31
TiO2 0.01 <0.01 0.02 0.06 0.09 0.09 <0.01 0.07
MnO 0.48 0.08 0.09 0.06 0.06 0.07 <0.01 0.02
FeO* 15.41 15.47 15.64 18.19 18.14 17.46 13.67 13.91
Total 97.85 96.96 97.32 97.18 97.71 97.64 98.26 98.64
Si4+ 2.986 3.015 2.992 3.017 2.968 3.031 3.006 3.004
Al3+ 0.014 ‐ 0.008 ‐ 0.032 ‐ ‐ ‐
ΣT 3.000 3.015 3.000 3.017 3.000 3.031 3.006 3.004
Al3+ 2.049 2.009 1.969 1.796 1.831 1.866 2.118 2.122
Fe2+ 0.035 0.006 0.006 0.004 0.004 0.005 <0.001 0.002
Fe3+ 0.988 1.031 1.039 1.223 1.210 1.165 0.898 0.910
Mg2+ 0.002 0.001 0.003 0.004 0.023 0.008 <0.001 0.001
Ti4+ <0.001 <0.001 0.001 0.003 0.006 0.005 <0.001 0.004
ΣM 3.074 3.047 3.017 3.031 3.074 3.049 3.016 3.038
Ca2+ 1.894 1.933 1.977 1.949 1.922 1.916 1.978 1.957
Mn2+ 0.032 0.006 0.006 0.004 0.004 0.004 <0.001 0.002
ΣA 1.894 1.933 1.977 1.949 1.922 1.916 1.978 1.957
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
  
Sample Sud‐018 Sud‐018 Sud‐018 Sud‐018 Sud‐018 Sud‐018 Sud‐018 Sud‐018
crystal # 2 2 4 4 4 4 5 5
Host G G G G G G G G
Location SR SR SR SR SR SR SR SR
Feature MC MC MC MC MC MC MC MC
Ep type Blocky Ep Blocky Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Blocky Ep Blocky Ep
Spot mid edge 2 edge 1 mid edge 2 core core mid
MgO 0.01 0.01 <0.01 0.01 <0.01 <0.01 0.01 0.02
Al2O3 22.65 23.05 22.79 23.12 22.36 23.78 22.70 22.63
SiO2 38.36 38.20 37.84 38.43 38.15 38.29 38.25 37.53
CaO 22.70 22.87 22.22 22.59 23.19 22.19 22.91 22.98
TiO2 0.02 <0.01 <0.01 0.04 0.03 0.02 0.06 0.08
MnO 0.17 0.19 0.18 0.26 0.01 0.36 0.05 0.04
FeO* 14.60 13.98 13.73 13.73 14.80 13.15 13.41 13.42
Total 98.50 98.30 96.77 98.18 98.54 97.79 97.40 96.69
Si4+ 3.016 3.004 3.023 3.025 2.999 3.021 3.033 2.998
Al3+ ‐ ‐ ‐ ‐ 0.001 ‐ ‐ 0.002
ΣT 3.016 3.004 3.023 3.025 3.000 3.021 3.033 3.000
Al3+ 2.099 2.136 2.145 2.145 2.071 2.211 2.122 2.128
Fe2+ 0.012 0.014 0.013 0.018 0.000 0.026 0.004 0.003
Fe3+ 0.948 0.906 0.904 0.886 0.973 0.842 0.886 0.894
Mg2+ 0.001 0.001 <0.001 0.001 <0.001 <0.001 0.001 0.002
Ti4+ 0.001 <0.001 <0.001 0.002 0.002 0.001 0.004 0.005
ΣM 3.061 3.057 3.063 3.053 3.046 3.080 3.016 3.031
Ca2+ 1.912 1.927 1.902 1.905 1.954 1.876 1.947 1.966
Mn2+ 0.011 0.013 0.012 0.017 0.000 0.024 0.004 0.003
ΣA 1.912 1.927 1.902 1.905 1.954 1.876 1.947 1.966
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
  
Sample Sud‐018 Sud‐021 Sud‐021 Sud‐021 Sud‐021 Sud‐021 Sud‐021 Sud‐021
crystal # 5 1 1 1 2 2 2 3
Host G QG QG QG QG QG QG QG
Location SR SR SR SR SR SR SR SR
Feature MC Mcpeg Mcpeg Mcpeg Mcpeg Mcpeg Mcpeg Mcpeg
Ep type Blocky Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Spot edge edge 1 core edge 2 core mid edge zone 1
MgO <0.01 0.01 0.01 <0.01 0.02 <0.01 0.01 0.04
Al2O3 21.68 23.32 22.54 23.83 21.91 24.19 21.63 21.90
SiO2 37.98 38.58 38.21 38.43 38.14 38.33 37.72 37.79
CaO 22.54 23.13 22.63 22.36 23.16 22.85 22.06 23.00
TiO2 0.03 0.19 0.01 0.01 0.02 0.02 0.01 0.53
MnO <0.01 <0.01 0.17 0.19 0.10 <0.01 0.14 <0.01
FeO* 14.36 13.73 15.04 13.87 14.79 12.17 15.77 14.69
Total 96.61 98.96 98.60 98.71 98.14 97.56 97.34 97.95
Si4+ 3.047 3.012 3.004 3.007 3.012 3.020 3.012 2.994
Al3+ ‐ ‐ ‐ ‐ ‐ ‐ ‐ 0.006
ΣT 3.047 3.012 3.004 3.007 3.012 3.020 3.012 3.000
Al3+ 2.050 2.145 2.088 2.198 2.040 2.247 2.035 2.038
Fe2+ <0.001 <0.001 0.012 0.014 0.007 <0.001 0.010 <0.001
Fe3+ 0.964 0.896 0.977 0.893 0.970 0.802 1.043 0.973
Mg2+ 0.001 0.001 0.001 <0.001 0.003 <0.001 0.002 0.005
Ti4+ 0.002 0.011 <0.001 0.001 0.001 0.001 0.001 0.032
ΣM 3.016 3.054 3.078 3.106 3.020 3.050 3.091 3.048
Ca2+ 1.937 1.935 1.907 1.875 1.960 1.929 1.887 1.952
Mn2+ <0.001 <0.001 0.011 0.013 0.007 <0.001 0.009 <0.001
ΣA 1.937 1.935 1.907 1.875 1.960 1.929 1.887 1.952
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
 
  
Sample Sud‐021 Sud‐021 Sud‐021 Sud‐072 Sud‐072 Sud‐072 Sud‐072 Sud‐072
crystal # 3 3 3 1 1 1 2 2
Host QG QG QG OI OI OI OI OI
Location SR SR SR Joe Joe Joe Joe Joe
Feature Mcpeg Mcpeg Mcpeg MC MC MC MC MC
Ep type Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep Rep. Ep
Spot zone 3 zone 4 zone 8 edge 1 core edge 2 edge 1 core
MgO 0.07 0.03 0.02 0.01 0.02 <0.01 0.02 0.01
Al2O3 21.72 23.03 23.02 21.97 22.16 22.51 21.43 22.71
SiO2 37.62 38.18 37.82 37.71 37.35 38.02 37.57 37.45
CaO 22.91 23.21 22.84 22.14 21.86 22.30 22.22 22.13
TiO2 0.63 0.22 0.25 <0.01 <0.01 <0.01 <0.01 <0.01
MnO <0.01 0.12 0.08 0.20 0.27 0.07 0.35 0.53
FeO* 14.64 13.58 13.78 15.23 15.19 14.00 15.86 14.60
Total 97.59 98.36 97.80 97.26 96.85 96.91 97.45 97.43
Si4+ 2.992 2.999 2.989 3.009 2.993 3.035 2.999 2.978
Al3+ 0.008 0.001 0.011 ‐ 0.007 ‐ 0.001 0.022
ΣT 3.000 3.000 3.000 3.009 3.000 3.035 3.000 3.000
Al3+ 2.027 2.130 2.133 2.067 2.085 2.118 2.015 2.106
Fe2+ <0.001 0.008 0.006 0.015 0.021 0.005 0.025 0.040
Fe3+ 0.974 0.883 0.905 1.002 0.997 0.929 1.034 0.931
Mg2+ 0.008 0.004 0.003 0.001 0.002 <0.001 0.003 0.002
Ti4+ 0.038 0.013 0.015 <0.001 <0.001 <0.001 <0.001 <0.001
ΣM 3.047 3.039 3.061 3.084 3.105 3.053 3.076 3.079
Ca2+ 1.953 1.953 1.934 1.893 1.876 1.907 1.900 1.885
Mn2+ <0.001 0.008 0.005 0.014 0.018 0.005 0.023 0.036
ΣA 1.953 1.953 1.934 1.893 1.876 1.907 1.900 1.885
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
 
  
Sample Sud‐072 01‐AV‐436 01‐AV‐436 01‐AV‐436 01‐AV‐436 01‐AV‐436 01‐AV‐436 01‐AV‐436
crystal # 2 2 2 1 1 3 3 3
Host OI G G G G G G G
Location Joe NR NR NR NR NR NR NR
Feature MC vein vein vein vein IMC IMC IMC
Ep type Rep. Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep Yellow Ep
Spot edge edge core edge core edge 1 edge 2 core
MgO 0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.31 0.08
Al2O3 20.90 20.00 18.46 23.12 20.01 20.76 20.81 20.47
SiO2 37.45 37.44 37.75 37.90 37.26 37.85 37.36 38.16
CaO 22.15 22.92 22.62 21.44 21.63 23.27 22.33 22.89
TiO2 0.02 0.01 0.04 0.02 0.02 0.01 0.03 0.03
MnO 0.23 0.02 <0.01 0.12 0.31 0.03 0.20 0.11
FeO* 16.10 17.04 20.00 14.13 17.44 16.71 16.80 16.94
Total 96.85 97.44 98.88 96.73 96.67 98.64 97.84 98.68
Si4+ 3.011 3.000 3.005 3.030 3.015 2.990 2.974 3.016
Al3+ ‐ ‐ ‐ ‐ ‐ 0.010 0.026 ‐
ΣT 3.011 3.000 3.005 3.030 3.015 3.000 3.000 3.016
Al3+ 1.981 1.888 1.732 2.179 1.908 1.922 1.926 1.907
Fe2+ 0.016 0.002 <0.001 0.009 0.023 0.002 0.014 0.008
Fe3+ 1.066 1.140 1.331 0.936 1.157 1.102 1.104 1.112
Mg2+ 0.001 <0.001 <0.001 <0.001 <0.001 0.003 0.036 0.009
Ti4+ 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.002
ΣM 3.065 3.031 3.066 3.125 3.089 3.029 3.082 3.038
Ca2+ 1.908 1.968 1.929 1.837 1.875 1.969 1.904 1.939
Mn2+ 0.015 0.002 <0.001 0.008 0.021 0.002 0.014 0.007
ΣA 1.908 1.968 1.929 1.837 1.875 1.969 1.904 1.939
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 8. (cont’d) 
 
 
 
  
Sample 01‐AV‐491 01‐AV‐491 01‐AV‐491 01‐AV‐491 01‐AV‐491 01‐AV‐491
crystal # 3 3 3 4 4 4
Host G G G G G G
Location NR NR NR NR NR NR
Feature MC MC MC MC MC MC
Ep type Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep Blocky Ep
Spot edge 1 edge 2 core edge 1 mid core
MgO <0.01 0.02 <0.01 <0.01 0.01 0.02
Al2O3 20.76 20.74 20.23 20.39 19.96 23.99
SiO2 37.93 38.03 37.77 37.81 37.77 37.81
CaO 22.25 22.53 22.42 23.08 22.90 22.24
TiO2 0.07 0.10 0.07 0.03 0.05 <0.01
MnO 0.02 <0.01 <0.01 <0.01 0.02 0.09
FeO* 16.16 16.21 16.82 16.49 17.03 13.17
Total 97.19 97.63 97.32 97.80 97.75 97.33
Si4+ 3.040 3.034 3.029 3.014 3.017 2.994
Al3+ ‐ ‐ ‐ ‐ ‐ 0.006
ΣT 3.040 3.034 3.029 3.014 3.017 3.000
Al3+ 1.961 1.950 1.912 1.915 1.879 2.233
Fe2+ 0.002 <0.001 <0.001 <0.001 0.002 0.007
Fe3+ 1.081 1.081 1.128 1.099 1.136 0.865
Mg2+ <0.001 0.003 <0.001 <0.001 0.002 0.002
Ti4+ 0.004 0.006 0.004 0.002 0.003 <0.001
ΣM 3.048 3.040 3.045 3.016 3.021 3.107
Ca2+ 1.910 1.926 1.926 1.970 1.960 1.887
Mn2+ 0.002 <0.001 <0.001 <0.001 0.002 0.006
ΣA 1.910 1.926 1.926 1.970 1.960 1.887
Major oxides (wt%) ‐ EMPA
Normalization: A+M+T=8  (apfu)
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Appendix 9. Structural formula calculations based on WDS data for miarolitic and 
vein K-feldspar and albite from the SIC and Onaping intrusion 
 
  
Sample Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010 Sud‐010
crystal # 6 6 6 6 6 6 7 7 7
Host TG TG TG TG TG TG TG TG TG
Location NR NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC MC
Mineral Or Or Or Or Ab Or Or Or Or
comment graphic graphic graphic graphic graphic graphic graphic graphic graphic
LiO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Na2O 0.22 0.18 0.19 0.18 10.25 0.20 0.17 0.18 0.20
MgO 0.01 n.d. n.d. n.d. 0.01 <0.01 n.d. 0.01 0.01
Al2O3 18.49 18.42 18.54 18.30 19.71 18.45 18.19 18.39 18.34
SiO2 65.31 64.97 64.20 65.38 70.54 64.88 64.59 63.82 64.04
CaO 0.01 n.d. 0.02 0.03 0.18 0.02 n.d. n.d. 0.02
TiO2 n.d. n.d. n.d. 0.05 n.d. 0.01 n.d. 0.01 0.02
MnO 0.01 0.01 n.d. 0.02 n.d. n.d. n.d. n.d. 0.01
K2O 17.93 18.23 18.28 18.13 0.07 17.70 18.39 18.34 17.69
FeO* <0.01 0.03 0.03 0.03 0.00 0.10 0.01 0.04 0.06
Total 101.97 101.85 101.26 102.12 100.76 101.35 101.34 100.78 100.37
Li <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Na 0.077 0.065 0.067 0.063 3.418 0.071 0.060 0.064 0.070
Mg2+ 0.002 n.d. n.d. n.d. 0.002 0.001 n.d. 0.002 0.002
Al3+ 3.983 3.983 4.039 3.942 3.994 3.996 3.959 4.029 4.017
Si 11.940 11.916 11.869 11.949 12.129 11.925 11.929 11.862 11.901
Ca2+ 0.003 n.d. 0.005 0.006 0.033 0.004 n.d. n.d. 0.004
Ti4+ n.d. n.d. n.d. 0.007 n.d. 0.001 n.d. 0.001 0.003
Mn2+ 0.001 0.001 n.d. 0.003 n.d. n.d. n.d. n.d. 0.001
K 4.183 4.266 4.311 4.226 0.014 4.151 4.332 4.349 4.193
Fe2+ <0.001 0.005 0.005 0.005 0.001 0.015 0.001 0.006 0.009
Ba 0.010 0.021 0.005 0.018 <0.001 0.024 0.006 0.015 0.019
ΣCat. 20.199 20.258 20.300 20.218 19.591 20.187 20.287 20.328 20.220
Ab% 1.82 1.51 1.53 1.47 98.62 1.68 1.36 1.45 1.65
An% 0.06 ‐ 0.11 0.15 0.96 0.09 ‐ ‐ 0.09
Or% 98.12 98.49 98.36 98.39 0.42 98.23 98.64 98.55 98.26
Major oxides (wt%) ‐ EMPA
Cations on the basis of 32 Oxygens (apfu)
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Appendix 9. (cont’d) 
 
 
  
Sample Sud‐010 Sud‐016 Sud‐016 Sud‐016 Sud‐016 Sud‐021 Sud‐021 Sud‐045 Sud‐045
crystal # 7 4 4 5 5 4 4 2b 2a
Host TG G G G G TG TG OI OI
Location NR NR NR NR NR SR SR Joe lake Joe lake
Feature MC MC MC MC MC MCpeg MCpeg Bx Bx
Mineral Or Ab Ab Or Or Ab Ab Or Or
comment graphic next to MC next to MC filling MC filling MC MC rim MC rim halo matrix
LiO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Na2O 0.20 11.14 10.54 0.17 0.21 10.87 10.65 0.22 0.21
MgO n.d. n.d. n.d. 0.01 0.01 n.d. n.d. 0.01 n.d.
Al2O3 18.34 19.49 19.96 18.50 18.64 19.65 19.69 18.46 18.49
SiO2 63.89 69.71 69.98 64.54 64.99 69.67 69.27 64.24 64.10
CaO 0.02 0.01 0.05 n.d. n.d. 0.23 0.13 0.01 n.d.
TiO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MnO n.d. 0.01 n.d. n.d. 0.01 n.d. n.d. n.d. n.d.
K2O 17.97 0.04 0.05 17.78 17.45 0.04 0.08 17.79 17.87
FeO* 0.05 0.01 0.01 0.04 0.07 0.02 0.03 0.01 0.00
Total 100.45 100.41 100.59 101.04 101.39 100.48 99.85 100.73 100.67
Li <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Na 0.071 3.742 3.523 0.062 0.075 3.647 3.595 0.079 0.077
Mg2+ n.d. n.d. n.d. 0.003 0.004 n.d. n.d. 0.003 n.d.
Al3+ 4.021 3.979 4.057 4.020 4.028 4.008 4.038 4.026 4.039
Si 11.886 12.074 12.069 11.901 11.914 12.057 12.054 11.891 11.880
Ca2+ 0.003 0.002 0.009 n.d. n.d. 0.043 0.024 0.002 n.d.
Ti4+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Mn2+ n.d. 0.001 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
K 4.264 0.008 0.011 4.182 4.081 0.010 0.018 4.200 4.224
Fe2+ 0.008 0.002 0.002 0.006 0.011 0.002 0.004 0.001 0.000
Ba 0.018 0.003 <0.001 0.038 0.035 <0.001 <0.001 0.033 0.031
ΣCat. 20.271 19.811 19.671 20.211 20.150 19.767 19.733 20.236 20.251
Ab% 1.63 99.74 99.43 1.45 1.80 98.59 98.84 1.85 1.78
An% 0.07 0.05 0.25 ‐ ‐ 1.15 0.65 0.05 ‐
Or% 98.30 0.22 0.32 98.55 98.20 0.26 0.50 98.10 98.22
Major oxides (wt%) ‐ EMPA
Cations on the basis of 32 Oxygens (apfu)
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Appendix 9. (cont’d) 
 
 
  
Host G OI OI OI OI OI OI OI G
Location NR Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake Joe lake NR
Feature Vein MC MC MC MC MC MC MC MC
Mineral Or Or Or Or Or Or Or Or Ab
comment vein core MC rim MC rim MC rim MC rim MC rim MC rim MC rim MC rim
LiO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Na2O 0.19 0.19 0.18 0.15 0.19 0.20 0.22 0.20 10.91
MgO n.d. n.d. <0.01 n.d. n.d. 0.02 <0.01 0.01 0.01
Al2O3 18.33 18.24 18.22 17.99 18.14 18.29 18.21 18.41 19.93
SiO2 64.56 63.72 63.90 64.29 64.73 64.64 64.65 64.24 69.68
CaO n.d. 0.03 0.02 0.05 0.03 0.04 n.d. n.d. 0.36
TiO2 0.04 n.d. 0.02 n.d. n.d. 0.02 0.01 n.d. 0.01
MnO 0.01 n.d. n.d. 0.02 0.02 0.03 0.03 0.01 0.01
K2O 18.28 17.69 17.68 17.68 17.67 18.03 18.20 18.20 0.09
FeO* 0.23 0.06 0.05 0.11 0.01 0.02 0.00 0.03 0.02
Total 101.64 99.94 100.07 100.29 100.79 101.28 101.32 101.11 101.03
Li <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Na 0.067 0.069 0.064 0.055 0.069 0.070 0.080 0.073 3.647
Mg2+ n.d. n.d. 0.001 n.d. n.d. 0.005 0.001 0.003 0.002
Al3+ 3.979 4.010 4.000 3.942 3.949 3.974 3.960 4.015 4.048
Si 11.893 11.888 11.905 11.953 11.956 11.916 11.929 11.882 12.009
Ca2+ n.d. 0.007 0.003 0.010 0.005 0.009 n.d. n.d. 0.067
Ti4+ n.d. n.d. 0.003 n.d. n.d. 0.003 0.001 n.d. 0.002
Mn2+ 0.001 n.d. n.d. 0.002 0.003 0.005 0.005 0.002 0.002
K 4.297 4.212 4.202 4.193 4.165 4.241 4.284 4.295 0.020
Fe2+ 0.036 0.010 0.008 0.017 0.002 0.003 0.000 0.004 0.004
Ba 0.013 0.052 0.039 0.027 0.037 0.025 0.013 0.020 0.000
ΣCat. 20.293 20.247 20.225 20.200 20.186 20.250 20.272 20.294 19.799
Ab% 1.53 1.61 1.51 1.30 1.63 1.62 1.82 1.68 97.67
An% ‐ 0.16 0.07 0.24 0.12 0.20 ‐ ‐ 1.80
Or% 98.47 98.22 98.42 98.46 98.25 98.18 98.18 98.32 0.53
Major oxides (wt%) ‐ EMPA
Cations on the basis of 32 Oxygens (apfu)
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Appendix 9. (cont’d) 
 
 
  
Host G G G G G G G G G G G
Location NR NR NR NR NR NR NR NR NR NR NR
Feature MC MC MC MC MC MC MC MC MC MC MC
Mineral Ab Ab Ab Or Or Or Or Or Or Ab Ab
comment MC rim graphic graphic graphic graphic graphic graphic graphic graphic MC rim MC rim
LiO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Na2O 10.45 10.78 10.92 0.20 0.22 0.22 0.21 0.16 0.23 10.50 10.97
MgO n.d. 0.01 n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. n.d.
Al2O3 20.26 19.64 19.44 18.28 18.20 18.58 18.31 18.23 18.08 19.40 19.74
SiO2 69.38 69.55 69.90 65.17 65.25 65.13 64.53 64.97 64.18 70.14 68.68
CaO 0.61 0.17 0.08 0.03 0.04 0.02 0.01 n.d. 0.10 0.09 0.10
TiO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 n.d.
MnO 0.01 n.d. n.d. 0.01 n.d. n.d. 0.03 n.d. 0.02 n.d. 0.02
K2O 0.06 0.07 0.07 17.60 17.59 17.75 17.93 17.67 17.55 0.05 0.04
FeO* 0.04 0.04 0.19 0.06 0.04 0.02 0.00 0.02 0.03 0.03 0.06
Total 100.80 100.25 100.60 101.35 101.34 101.72 101.01 101.05 100.20 100.24 99.60
Li <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Na 3.496 3.625 3.660 0.071 0.078 0.079 0.074 0.056 0.084 3.523 3.718
Mg2+ n.d. 0.002 n.d. n.d. n.d. n.d. n.d. 0.002 n.d. n.d. n.d.
Al3+ 4.120 4.014 3.963 3.957 3.940 4.010 3.989 3.958 3.966 3.957 4.067
Si 11.971 12.060 12.087 11.969 11.983 11.927 11.927 11.969 11.943 12.136 12.004
Ca2+ 0.113 0.031 0.015 0.007 0.008 0.003 0.001 n.d. 0.020 0.017 0.018
Ti4+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.001 n.d.
Mn2+ 0.002 n.d. n.d. 0.001 n.d. n.d. 0.004 n.d. 0.004 n.d. 0.002
K 0.012 0.015 0.016 4.123 4.121 4.147 4.227 4.153 4.166 0.012 0.008
Fe2+ 0.006 0.006 0.028 0.009 0.006 0.002 0.000 0.004 0.005 0.005 0.009
Ba 0.004 <0.001 <0.001 0.012 0.012 0.012 0.007 0.015 0.011 <0.001 <0.001
ΣCat. 19.723 19.753 19.769 20.149 20.147 20.181 20.230 20.156 20.199 19.651 19.826
Ab% 96.55 98.75 99.18 1.69 1.86 1.88 1.72 1.34 1.96 99.17 99.30
An% 3.11 0.86 0.39 0.16 0.18 0.07 0.03 ‐ 0.46 0.49 0.49
Or% 0.34 0.40 0.43 98.15 97.96 98.05 98.25 98.66 97.58 0.34 0.21
Major oxides (wt%) ‐ EMPA
Cations on the basis of 32 Oxygens (apfu)
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